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ABSTRACT 


The  fatigue  process  of  1100-0  aluminum  was  studied  by  means  of  exoelectron 
emission  and  ultrasonic  surface  wave  measurements,  and  correlated  with  metallo- 
graphic  examination.  Measurement  of  exoelectrons  was  accomplished  by  emission 
counts,  amplified  by  a  Channeltron  electron  multiplier  and  integrated  over 
short  time  intervals.  It  appears  that  very  early  in  tae  fatigue  process  there 
is  an  exoelectron  emission  peak,  whose  intensity  is  related  to  the  intensity 
of  the  applied  stress,  coinciding  with  initial  surface  layer  slip.  The  emis¬ 
sion  event  lasts  not  more  than  a  few  percent  of  the  fatigue  life.  No  emission 
occurs  thenceforth  until  in  the  final  stages  of  fatigue,  just  prior  to  failure, 
when  another  emission  period  is  observed.  It  was  further  noted  that,  at  least 
at  room  temperature,  light  stimulation  is  necessary  for  exoelectron  emission 
from  1100-0  aluminum.  Preliminary  ultrasonic  surface  wave  measurements  dis¬ 
close  a  change  in  material  response  at  about  50  percent  of  the  fatigue  life, 
which  so  far  could  not  be  correlated  with  metallographic  observations. 
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SECTION  I 


INTRODUCTION 


The  phenomena  of  fatigue  of  metals  and  alloys  and  particularly  the  early 
detection  of  material  damage  due  to  these  phenomena  have  always  been  high  on 
the  list  of  material  problems.  Our  present  understanding  of  the  problem  com¬ 
prises  a  large  number  of  phenomenological  observations  of  the  metallurgical 
events  in  a  great  variety  of  materials  during  the  fatigue  progress.  There  is 
a  very  large  collection  of  fatigue  test  data  mainly  confined  to  often  unspe¬ 
cified  ambient  conditions;  there  are  a  few  tentative  theories  based  on 
phenomenological  observations ,  and  a  number  of  empirical  rules  based  on 
fatigue  test  data;  and  there  are  comparatively  few  studies  relating  fatigue 
phenomena  to  physical  effects  which  could  serve  as  indicators  ol  the  extent  of 
fatigue  damage. 

There  appear  to  be  two  principal  reasons  for  this  lack  of  data  required 
for  developing  methods  for  nondestructively  determining  early  fatigue  damage. 
The  first  reason  is  the  gap  between  the  fundamental  investigations  into  the 
fatigue  mechanism  and  the  fatigue  test  data.  This  gap  is  caused  by  the 
difference  in  scale  of  approach  (fundamental  investigations  being  confined  to 
the  atomic  scale  and  fatigue  test  data  to  the  engineering  scale),  by  the  fact 
that  different  types  of  materials  are  usually  chosen  for  the  two  groups  of 
investigations,  by  the  lack  of  coordination  between  the  types  of  investigators, 
and  because  there  are  too  few  studies  conducted  which  represent  a  multidisci¬ 
plinary  approach.  The  second  reason  arises  from  the  nature  of  the  fatigue 
phenomena,  which  are  generally  confined  to  a  surface  layer.  Bulk  methods  of 
investigation,  such  as  fatigue  tests  and  overall  damping  studies,  are  only 
able  to  measure  the  very  diluted  effect  of  these  surface  phenomena  on  the  bulk 
properties.  Because  bulk  properties  a^e  generally  affected  by  a  number  of 
other  factors,  the  sensitivity  of  these  tests  to  surface  phenomena  is  rela¬ 
tively  low.  Tests  using  surface  layer  sensitive  properties  have  been  more 
successful.  However,  they  have  rarely  considered  the  fact  that  the  depth  of 
surface  layer  affected  by  progressive  fatigue  may  vary,  and  if  signals  from 
a  fixed  surface  layer  depth  are  investigated,  a  distortion  of  the  signal -to- 
fatigue  damage  effect  ratio  occurs.  Therefore,  a  rational  approach  must 
consider  the  metal  surface  layer  depth-cf - fat igue  phenomena  in  relation  to 
physical  and  engineering  effects.  The  objective  ot  the  study  program  was  the 
development  of  methods  suitable  for  the  early  detection  ol  tatigue  damage. 

The  principal  method  developed  in  this  program  was  a  measurement  method 
for  exoelectron  emission.  Preliminary  investigations  into  the  measurement  of 
propagation  of  ultrasonic  waves  were  also  carried  out.  Results  were  corre¬ 
lated  with  extensive  metallographic  observations. 
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SECTION  II 


SUMMARY 


nf  11nn^  r<fport  covers  the  work  on  the  investigation  into  the  fatigue  process 
or  lioo-o  aluminum  by  studying  exoelectron  emission  and  propagation  of  ultra¬ 
sonic  surface  waves.  Exoelectron  observations  during  tens ion- tens ion  loading 
were  by  means  of  emission  counts  amplified  by  a  Channeltron  electron  multiplier 
and  integrated  over  short  time  intervals.  The  exoelectron  emission  occurred  in 
two  stages.  Hie  initial  stage  started  soon  after  the  application  of  the  stress 
and  lasted  not  longer  than  10  percent  of  the  fatigue  life.  The  final  stage 
occurred  near  the  end  of  test  when  cracks  formed  and  propagated  to  cause 
r allure  of  the  test  specimen.  There  was  a  long  period  of  emission  quiescence 

Stages‘  Both  the  Peak  intensity  of  emission  and  the  emission 
period  of  the  initial  stage  depended  strongly  on  the  applied  stress.  The 

lgher  the  applied  stress,  the  stronger  was  the  peak  emission  and  the  longer 
the  emission  lasted.  Exoelectrons  still  emitted  from  specimens  subject  to 
cyclic  stressing  at  or  slightly  below  the  tentatively  determined  fatigue  limit 
(based  on  6  x  10b  cycles),  even  though  the  intensity  was  quite  weak.  The 
emission  was  also  affected  by  light  conditions.  At  least  at  room  temperature, 
no  emission  was  observed  if  the  deformation  took  place  in  complete  darkness, 
un  the  other  hand,  the  emission  intensity  was  increased  considerably  when  the 
specimen  was  illuminated  with  long-wave  ultraviolet  light  during  test. 

Comparison  between  metal lographic  observations  and  the  initial  stage  of 
emission  reveals  that  this  stage  of  emission  coincided  with  the  formation  of 
fatigue-affected  layer  and  surface  slip  striations.  Prolonging  the  fatigue 

process  beyond  this  stage  of  emission  appeared  to  change  the  depth  of  attack 
but  little.  r 


Hie  frequencies  (1  to  5  MHz)  chosen  for  the  ultrasonic  tests  were 
dictated  by  the  availability  of  suitable  transducers.  The  test  results  for 
fatigued  1100-0  aluminum  indicated  a  gradual  reversing  trend  for  both  fatigue 
i  e  to  surface  wave  velocity  and  fatigue  life  to  attenuation  ratios  at  about 
50  percent  of  the  fatigue  life,  which  could  not  yet  be  correlated  with 
metallographic  observations . 
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SECTION  III 


REVIEW  OF  PERTINENT  DATA 


Till:  FATIGUE  PROCESS 

GENERAL  PHENOMENA  IN  THE  FATIGUE  PROCESS 

It  has  been  suggested  that  fatigue  damage  of  face-centered  cubic  metals 
at  high  and  low  stress  levels  occurs  by  different  mechanisms  (Wood,  1959). 

The  11  mechanism  at  high  stress  level  occupies  the  steeper  portion  of  the  S-N 
curve  where  fatigue  life  increases  slowly  with  decreasing  stress.  The  F 
mechanism  at  low  stress  level  operates  in  the  flatter  portion  of  the  S-N 
curve  where  fatigue  life  increases  rapidly  with  decreasing  stress.  It  has 
also  been  suggested  that  there  is  no  very  clear-cut  distinction  between  the 
mechanisms  at  high  and  low  stress  levels  (Laird  and  Smith,  1962;  Forsyth, 

1963).  In  addition,  experiments  on  aluminum  and  copper  having  different  tex¬ 
ture  and  ductility  reveal  that,  regardless  of  the  stress  level,  the  opera¬ 
ting  mechanisms  may  be  influenced  to  a  great  extent  by  texture  and  ductility 
(Xair  and  May,  1968). 

It  is  not  the  purpose  here  to  make  a  critical  review  of  the  fatigue 
mechanisms.  But  it  is  a  concern  to  know  in  a  specimen  the  successive  events 
that  take  place  in  the  fatigue  process,  leading  to  permanent  damage  and  ulti¬ 
mate  failure  of  the  specimen.  The  H  and  F  mechanisms  concerning  the  forma¬ 
tion  of  microcracks  are  briefly  described  to  aid  in  such  understanding,  since 
they  shed  some  light  on  how  fatigue  damage  in  the  form  of  cracks  develops. 

Cyclic-stressing  of  face-centered  cubic  metals  at  large  plastic  ampli¬ 
tudes,  those  corresponding  mainly  to  the  H  part  of  the  S-N  curve,  produces 
coarse  slip.  At  the  early  stage,  severe  local  strains  develop  within  grain 
boundaries,  resulting  in  the  breakdown  of  each  grain  into  regions  of  different 
lattice  orientation  separated  by  irregular  subboundaries.  As  cycling  con¬ 
tinues,  micropores  develop  on  the  subboundaries.  In  copper  or  brass,  these 
micropores  appear  during  about  1/200  of  the  specimen  life.  The  micropores 
multiply  and  coalesce  into  cavities  which,  with  continued  stressing,  multiply 
and  link  into  microcracks.  These  microcracks  remain  smaller  than  the  grains 
for  the  greater  part  of  the  remaining  life.  An  increase  in  the  number  of 
cycles  of  amplitudes  only  starts  more  cracks  in  other  parts  of  a  grain.  The 
stage  of  crack  formation  encompasses  the  appearance  of  micropores,  cavities, 
and  microcracks  in  each  grain.  This  stage  occupies  most  of  the  time  of  the 
fatigue  process  of  an  annealed  metal. 
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The  specimens  become  structurally  unsound  early  in  the  formation  of 
micropores.  Tests  show,  however,  that  there  is  no  loss  of  mechanical 
strength,  which  remains  constant,  although  microcracks  develop  and  multiply. 
Microcracks  can  be  considered  centers  of  fatigue  damage,  but  they  are  harm¬ 
less  as  long  as  they  are  confined  in  grains  and  are  not  self-propagating. 

Cyclic-stressing  of  face-centered  cubic  metals  at  small  plastic  ampli¬ 
tudes  produces  fine  slip  zones  or  bands  corresponding  to  the  F  part  of  the 
S-N  curve.  They  are  readily  shown  as  traces  brought  up  by  etching  and  begin 
to  appear  after  approximately  1/1000  of  the  specimen  life.  Though  the  exist¬ 
ing  bands  are  intensified  by  adding  fine  slip  movements,  they  are  limited  in 
length  and  are  usually  shorter  than  a  grain.  Such  bands  are  zones  of  abnor¬ 
mal  distortion  resulting  from  the  to-and-fro  slip  movements  and  show  up 
clearly  in  grains  undergoing  cross-slip.  Surface  notches  and  peaks,  often 
called  intrusions  and  extrusions  respectively,  may  also  form  at  the  end  of  a 
slip  band  where  slip  bands  meet  the  surface.  These  surface  disturbances, 
which  are  about  10-b  cm  in  depth,  have  been  considered  responsible  for  form¬ 
ing  fatigue  cracks.  However,  they  do  not  seem  to  develop  with  continued 
cycling.  Isolated  micropores  then  form  in  the  interior  of  slip  zones 
(hood  et  al,  19b 3) ;  They  multiply  and  coalesce  to  elongated  cavities  along 
the  zones  as  cycling  continues  further.  These  pores,  however,  are  recently 
believed  to  be  spurious  interpretations  of  normal  extrusions  (Dover  and  Jones, 
19(C);  they  are  tubular  holes  extending  into  the  metal  from  the  surface. 

These  holes  which  constitute  the  crack  front  grow  and  link  up  to  complete 
the  failure  of  a  grain  in  a  direction  compatible  with  the  applied  stress. 

The  S-N  curve  for  a  body-centered  cubic  metal,  such  as  iron,  generally 
consists  of  an  inclined  portion,  called  the  H  part,  and  a  horizontal  portion, 
called  the  S  part,  giving  rise  to  a  sharp  knee  (Wood  et  al,  1964).  The  basic 
structural  change  in  iron  above  the  knee  in  the  H  part  is  a  pronounced  cell 
formation  in  the  grains,  which  determines  irregular  microcracks.  At  ampli¬ 
tudes  below  tiie  knee  in  the  S  part,  slip  produces  in  the  surface  the  form  of 
dense  clouds  of  short,  faint  markings.  The  clouds  are  composed  of  short, 
fine  slip.  Pores  form  but  they  are  dispersed  widely  and  cannot  readily  link 
into  microcracks.  The  fine  dispersed  slip  and  dispersed  pore  formation  is 
there  tore  an  example  of  fatigue  damage  in  its  least  effective  form. 


FAT  I  GUI:  D.AMAGE 


Fatigue  damage  is  assessed  in  different  ways.  The  residual  static 
strength  after  cracks  grow  to  a  certain  size  is  one  criterion,  while  another 
is  the  prediction  of  accumulations  of  damage  when  a  specimen  or  a  structure  is 
subjected  to  a  number  of  cycles  at  one  or  several  different  amplitudes.  Both 
criteria  have  important  practical  aspects  in  engineering  applications,  but 
neither  is  suitable  for  developing  early  fatigue  damage  detecting  techniques 
by  nondestructive  means.  The  few  prominent  cracks  which  may  influence  the 
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residual  static  strength  are  not  of  primary  concern.  Of  greater  concern  is 
the  damage  which  may  occur  before  a  macrocrack  develops,  so  that  its  detec¬ 
tion  will  prevent  formation  and  growth  of  additional  macrocracks  that  could 
cause  sudden  or  catastrophic  failure  of  a  structure  in  service. 

The  micropores  that  develop  very  early  in  fatigue  deformation  at  sub¬ 
boundaries  and  the  intrusion  extension  by  means  of  tubular  hole  growth  in  a 
grain  are  the  smallest  centers  of  damage  since  they  eventually  multiply  and 
link  up  to  form  microcracks.  However,  even  the  microcracks  existing  in  the 
confines  of  a  grain  may  still  be  harmless  because  tests  at  this  stage  show 
no  loss  of  mechanical  strength  of  the  specimen.  Microcrack  damage  becomes 
apparent  when  the  cracks  multiply  and  extend  beyond  the  confines  of  a  grain 
to  link  together  forming  macrocracks. 

Since  X-ray  experiments  have  shown  that  nearly  all  of  the  small  angle 
X-ray  scattering  is  due  to  the  double-Bragg  reflection  process,  an  evidence 
of  the  existence  of  disoriented  subgrains  (Grosskreutz  and  Rollins,  1959), 
the  micropores  are  not  actual  cavities.  Since  they  show  up  by  etching,  they 
might  be  regions  of  concentrated  plastic  deformation.  Transmission  electron 
micrographs  indicate  that  the  apparently  microporous  areas  shown  in  optical 
micrographs  correspond  to  abnormally  dense  regions  of  loops  and  debris  left 
by  oscillating  screw  dislocations  along  etched-up  slip  zones  or  along  sub¬ 
grain  boundaries  (Grosskreutz  et  al,  1966).  The  slip  zones  are  dense  regions 
of  loops  and  unresolved  debris.  The  subgrain  boundaries  are  dislocation 
arrays.  Thus,  micropores  are  only  regions  of  high  internal  strain. 

It  should  be  noted  that  micropores,  tubular  holes,  and  microcracks  are 
harmless  only  when  the  test  specimen  is  subjected  to  pure  fatigue  with  zero 
mean  plastic  strain.  They  become  centers  of  mechanical  weakness  that  can  be 
pulled  apart  by  a  static  tensile  load  which  is  superimposed  on  the  pure 
fatigue  (Wood  and  Bendler,  1962).  Since  structures  are  often  subjected  to 
combined  static  and  cyclic  loading,  microcracks  must  be  considered  poten¬ 
tially  dangerous. 

Ideally,  the  early  fatigue  damage  zone  is  then  a  few  grains  deep  with 
each  grain  containing  microcracks  within  its  confines.  Since  it  is  difficult 
to  determine  this  depth,  a  method  of  measuring  the  damage  depth  is  to  esti¬ 
mate  the  amount  of  surface  layer  that  must  be  removed  by  electropolishing 
or  other  means  to  cause  the  disappearance  of  persistent  slip  bands  because 
extrusion  and  intrusion  form  at  the  end  of  a  slip  band  where  the  band  meets 
the  surface.  For  example,  the  persistent  slip  bands  of  copper  (Thompson 
et  al,  1956)  and  iron  (Klesnil  and  Lukas,  1965;  Sullivan  et  al,  1961)  are  10 
to  30  /im  and  6  to  10  /u,m  deep  respectively. 
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Transmission  electron  micrography  technique  using  thin  toils  reveals 
that  the  dislocation  structure  in  regions  near  the  fatigued  iron  specimen 
surface  (less  than  25  pm)  is  characterized  by  bands  of  intense  dislocation 
tangling,  individual  dislocations  within  the  bands  being  unresolved,  and 
arrays  of  parallel  rows  of  dislocation  loops,  the  arrays  often  extending  for 
considerable  distances  across  a  given  grain  (Wei  and  Baker,  1965).  On  the 
other  hand,  micrographs  of  the  interior  show  isolated  clusters  of  dislocations 
and  scattered  dislocation  loops  and  loop  trails.  Since  the  dislocation 
structure  in  the  surface  region  is  completely  different  from  the  dislocation 
structure  in  the  interior  and  since  thickness  of  the  foil  (less  than  25  pm) 
taken  from  the  fatigued  iron  specimen  surface  is  of  the  same  order  of  magni¬ 
tude  as  the  amount  of  surface  layer(6-10pm  for  iron  and  10-30  pm  for  copper) 
removed  by  electropolish  to  eliminate  persistent  slip  bands,  the  observed 
dislocation  structure  must  be  correlated  with  the  fatigue  damage  zone  because 
the  damage  occurs  only  at  the  surface  layer. 


PHYSICAL  properties  related  to  fatigue  damage 

It  is  known  that  most  physical  properties  of  metallic  materials  change 
with  plastic  ueformation.  Some  of  the  properties  would  also  be  influenced 
by  cyclic  stressing.  It  is  then  possible  to  utilize  such  changes  to  indicate 
fatigue  damage.  Though  fatigue  cracks  on  a  macroscale  in  metals  can  be 
detected  by  various  nondestructive  techniques,  detection  or  evaluation  of  the 
early  damage  prior  to  the  formation  of  macrocracks  is  not  siinple  or  easy. 

Some  knowledge  of  the  change  in  physical  phenomena  in  the  course  of  fatigue 
deformation  is  needed  for  the  development  of  techniques  to  detect  early 
fatigue  damage.  Such  knowledge,  together  with  some  other  characteristics 
which  might  be  useful,  is  described  in  the  following  paragraphs. 


MAGNETIC  HYSTHRLSIS  AND  EDDY  CURRENT  LOSSES 

In  the  majority  of  ferromagnetic  materials,  magnetic  hysteresis  is 
caused  by  a  delay  in  the  change  of  magnetization.  Loss  of  energy  to  magnetic 
hysteresis  depends  on  the  average  amplitude  of  internal  stresses.  Internal 
stresses  also  have  influence  on  the  resistance  of  the  metal,  both  magnetic 
and  nonmagnetic,  to  alternating  current.  Changes  in  resistance  and  dis¬ 
turbance  of  continuity  result  in  eddy  current  losses.  The  region  having  high 
internal  stresses  could  be  a  nucleation  site  of  fatigue  crack  since  trans 
mission  electron  micrographs  of  foils  prepared  from  specimens  subject  to 
cyclic  stressing  reveal  that  the  region  of  abnormally  high  dislocation  density 
corresponds  to  the  fatigue  zone  in  the  specimen  (Grosskreutz  et  al,  1966). 

The  variation  of  the  total  losses  in  steels  in  fatigue  process  has  been 
investigated  by  Gushcha  (1965).  The  change  of  the  losses  in  the  course  of 
deformation  above  the  fatigue  limit  can  be  divided  into  four  stages.  In  the 
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first  stage,  the  losses  decrease  with  number  of  cycles  while  work -hardening 
revealed  by  microhardness  measurement  intensifies.  Slip  lines  appear  in 
some  grains.  In  the  second  stage,  there  is  an  increase  in  the  losses,  but 
microhardness  is  lowered.  These  changes  are  attributed  to  relaxation  or 
softening  of  the  most  stressed  grains.  As  the  number  of  cycles  increases, 
further  softening  becomes  intensified  while  work-hardening  is  slowed  down. 

When  the  process  of  softening  is  more  intensified,  microhardness  is  lowered 
even  more  and  more.  The  slip  lines  become  wider  and  longer,  and  the  number 
of  slip  lines  increases.  The  rise  of  the  losses  continues  but  at  a  lower 
rate  in  the  third  stage.  Microcracks  form  and  some  of  them  link  together  and 
develop  to  a  fatigue  macrocrack.  Formation  of  a  macrocrack  is  marked  by  a 
certain  lowering  of  the  losses  at  the  end  of  the  third  stage.  A  steep  climb 
of  the  losses  in  the  fourth  stage  indicates  a  rapid  growth  of  the  fatigue 
crack.  Duration  of  each  of  these  stages  differs  and  depends  on  the  material 
and  the  level  of  the  cyclic  stresses.  The  duration  of  each  stage  relative 
to  the  total  fatigue  life  for  a  given  material,  however,  is  about  the  same 
for  all  stress  levels. 

Below  fatigue  limit,  microhardness  increases  while  the  losses  decrease 
with  the  increasing  number  of  cycles.  Softening  can  occur  in  weak  grains, 
but  this  process  does  not  spread  to  o^her  grains  because  of  low  cyclic 
stresses. 

Since  the  maximum  of  the  losses  vs  number  of  cycles  curve  indicates  the 
formation  of  a  macrocrack,  detection  of  earlier  fatigue  damage  must  then  rely 
on  the  determination  of  the  onset  of  the  third  stage  when  the  rate  of  the 
losses  is  lowered  due  to  the  formation  of  microcrack. 

It  should  be  noted  that  the  magnetic  hysteresis  and  eddy  current  losses 
are  not  entirely  caused  by  internal  stresses.  Inclusions,  voids,  cracks,  and 
chemical  segregation  can  also  influence  these  losses. 

Magnetic  tests  measuring  perturbation  in  the  magnetic  field  have  been 
employed  to  detect  fatigue  damage  in  the  form  of  cracks  (Kusenberger  et  al, 
1964  and  1966) .  The  perturbation  is  caused  by  the  cnange  of  magnetic  per¬ 
meability  by  internal  stresses  or  the  other  factors  mentioned  previously.  The 
crack  is  indicated  by  a  sudden  increase  in  peak-to-peak  signal  amplitude  in 
a  record.  The  detection  of  cracks  is  primarily  a  function  of  signals  caused 
by  the  stressed  volume  adjacent  to  the  crack  and  not  by  the  material  separa¬ 
tion.  The  minimum  crack  length  that  can  be  detected  in  4540  steel  is  0.00b 
to  0.008  inch. 


ELECTRIC  IMPEDANCE 

The  electric  impedance  at  a  fixed  frequency  of  a  metallic  specimen 
whose  dimensions  remain  unchanged  during  measurement  depends  on  electric  con¬ 
ductivity  and  magnetic  permeability.  To  make  the  use  of  the  skin  effect  of 
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high-frequency  currents,  it  is  possible  to  study  the  change  of  electric 
impedance  during  fatigue  deformation.  When  Armco  iron  wire  is  subject  to 
torsional  fatigue,  no  change  in  impedance  at  35  kHz  is  observed  if  the  shear 
strain  is  below  a  critical  value  which  is  less  than  the  fatigue  limit 
(Shlyapin  et  al,  1967).  The  impedance  hysteresis  loop  also  does  not  change 
its  form.  If  the  cycling  strain  exceeds  the  critical  value  but  is  below  the 
fatigue  limit,  the  impedance  decreases  gradually  with  an  increasing  number  of 
cycles.  Though  the  hysteresis  loop  changes  in  the  process,  it  tends  to 
approach  the  stable  form  below  the  critical  strain.  The  impedance  decreases 
more  rapidly  with  an  increasing  number  of  cycles  when  the  cycling  strain  is 
above  fatigue  limit.  Shortly  before  failure,  some  increase  in  the  impedance 
is  observed,  probably  due  to  the  appearance  of  fatigue  cracks.  The  rate  of 
change  in  the  hysteresis  loop  during  test  differs  little  from  the  change  at 
the  fatigue  limit.  However,  the  loop  cannot  become  stabilized  because  of 
failure  of  the  specimen.  Early  fatigue  damage  must  then  be  detected  by 
analyzing  the  change  in  the  form  of  the  hysteresis  loop  and  the  trend  of  the 
impedance  vs  number-of- cycles  curve  before  the  rise  of  impedance  due  to  the 
formation  of  macrocracks. 

Another  approach  is  to  make  the  specimen  after  fatigue  deformation  one 
end  of  a  low-loss  cylindrical  cavity  resonator  (Benson  et  al,  1968).  The 
transmission  loss  of  the  cavity  is  mainly  due  to  the  loss  of  the  specimen. 

The  system  must  be  operated  at  the  exact  resonant  frequency  of  the  resonator 
in  order  to  make  the  magnitude  of  the  signal  transmitted  through  the  cavity 
meaningful.  Th°  loss  curve  for  a  2024-T3511  aluminum  alloy  specimen  shows 
little  change  until  approximately  80  percent  of  the  fatigue  life  is  spent. 

It  then  rises  rather  sharply  before  failure  of  the  specimen. 

Cylindrical  specimens  have  also  been  made  in  the  form  of  a  low-loss, 
half-wave  linear  resonator  operated  at  frequencies  near  1  GHz  (Benson  et  al, 
1968).  The  increase  in  electric  resistivity  at  the  surface  layer  due  to  the 
presence  of  microcracks  results  in  an  increase  in  bandwidth  of  the  resonator 
when  it  is  considered  as  a  band-pass  filter.  When  fatigue  deformation  in 
aluminum  alloys  is  measured,  the  surface  resistivity  does  not  change  in  the 
first  one- fourth  of  fatigue  life.  Afterwards,  the  measured  resistivity  can 
be  either  above  or  below  the  previous  constant  value.  The  scatter  is  so  wide 
that  it  is  difficult  to  correlate  fatigue  damage  with  surface  resistivity. 


OPT I  CAL  PHENOMENA 

.An  optical  correlation  technique  has  been  used  to  detect  changes  in  sur¬ 
face  structure  resulting  from  fatigue  deformation  (Chuang,  1968).  The  corre¬ 
lation  function  for  a  given  surface  area  is  measured  before  and  after  cyclic 
stressing  in  terms  of  light  intensity  output  of  a  coherent  optical  system. 
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Change  in  surface  structure  produces  a  decrease  in  correlation  intensity. 
The  surface  strain  that  can  be  detected  is  of  the  order  of  1  micron. 

The  correlation  intensity  vs  number-of-cycles  curve  can  generally  be 
divided  into  three  stages.  A  sharp  loss  of  the  correlation  intensity  (as 
much  as  80  percent)  in  the  first  few  minutes  constitutes  the  first  stage. 
The  loss  then  becomes  relatively  steady  in  the  second  stage.  Finally,  a 
sharp  loss  before  a  visible  crack  appears  starts  the  third  stage.  Early 
fatigue  damage  must  therefore  occur  in  the  first  two  stages. 


INTERNAL  FRICTION 

Internal  friction  of  solution-treated  aluminum  alloys  containing  magne¬ 
sium  subject  to  cyclic  stressing  below  the  fatigue  limit  is  practically  con¬ 
stant.  Above  the  fatigue  limit,  internal  friction  decreases  with  an 
increasing  number  of  cycles.  The  formation  of  a  fatigue  crack  is  indicated 
by  an  increase  in  internal  friction  (Hanstock,  1947).  However,  tests  on 
solution-treated  and  aged  aluminum  alloys  containing  mainly  copper  reveal 
that  above  but  near  the  fatigue  limit,  the  internal  friction  increases  almost 
imperceptibly  during  many  millions  of  cycles,  followed  then  by  a  rapid  rise 
before  specimen  failure.  The  rise  is  mainly  due  to  precipitation  induced  by 
cyclic  stressing  and  not  to  the  formation  of  cracks  (Hanstock,  1954).  In 
pure  metals,  such  as  aluminum,  cadmium,  and  copper,  above  the  fatigue  limit 
the  internal  friction  first  increases  and  remains  practically  constant  with 
continued  cyclic  stressing.  Near  the  end,  there  is  again  a  rise  which  is 
attributed  to  the  appearance  of  a  fatigue  crack  (Gorshkov  and  Postnikov, 

1965) . 

Both  internal  friction  and  early  fatigue  damage  are  related  to  the 
movement  of  dislocations  and  their  interaction  with  point  defects.  Their 
relationship,  however,  is  complex  because  internal  friction  is  associated 
with  bulk-property- type  measurement  while  fatigue  damage  occurs  only  at  the 
surface  layer. 


PROPAGATION  OF  ULTRASONIC  WAVES 

In  addition  to  detecting  flaws,  propagation  of  ultrasonic  waves  in  metal 
parts  has  also  been  employed  to  investigate  early  fatigue  damage  by  means  of 
noting  the  changes  in  ultrasonic  attenuation  and  velocity.  Measurement  of 
the  ultrasonic  attenuation  in  aluminum  specimens  subject  to  tens ion -tens ion 
or  tension-compression  cyclic  loading  reveals  that  the  attenuation  starts  to 
decrease  from  the  beginning,  reaching  a  minimum  value  between  100  and  1000 
cycles  or  approximately  at  1/100  to  1/1000  fatigue  life  (Truell  et  al,  1959 
and  1961).  Subsequently,  the  attenuation  rises  again  as  deformation  continues. 
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This  variafion  in  attenuation  with  time  is  attributed  to  a  dislocation  effect 
‘  ^  llu-rease  in  the  dislocation  density  can  be  expected  within  a  few 
LVC  es  at  the  beg,nning.  The  dislocation  density  increases  with  continued 
L>  ,  "S  ,untlJ  dislocation  damping,  which  contributes  to  attenuation  is 
reduced  both  Iron,  the  shortening  of  loop  lengths,  due  to  increased  intersec¬ 
tion  and  delect  pinning,  and  from  direct  interference  or  interaction  of  the 
uislocat  ions  among  themselves. 

Another  phenomenon  also  causes  a  rise  in  attenuation  as  the  dislocation 
dens.ty  increases  with  continued  cycling.  Regions  of  dense  dislocation  form 
because  o I  the  shortening  loop  lengths  and  their  mutual  interference  High 
internal  strains  are  present  in  these  regions  within  each  grain  These 
regions  are  therefore  scattering  centers,  causing  increased  attenuation  as 
their  sice  and  number  increase  with  number  of  cycles.  The  minimum  of  the 
attenuation  vs  number  of  cycles  curve  is  a  result  of  competition  between  the 
decrease  in  dislocation  damping  loss  and  the  increase  in  the  scattering  loss, 
it  im. lease  in  attenuation  by  scattering  eventually  becomes  large  and 

Under  fatigue  deformation,  either  in  tension  or  in  compression  the 
velocity  of  wave  propagation  starts  to  decrease  at  the  beginning  with  respect 
to  the  initial  value  before  defoliation.  This  decrease  is  characteristic^ 
e  lslocation  damping  behavior.  The  change  in  velocity  becomes  smaller  as 

i  °™t,T  TT*  the  «"ge  of  cycling  for  the  attenuation  min™ 

-  leached.  Hie  change  then  again  begins  to  increase  rather  rapidly  with  an 
increasing  number  of  cycles.  P  y 

I  he  regions  of  high  internal  strain  in  a  grain,  which  serve  as  scatter¬ 
ing  centers  to  the  propagation  of  ultrasound,  could  be  identified  with  the 
regions  of  abnormally  high  dislocation  density  revealed  by  transmission 

electron  micrographs.  Such  regions  are  therefore  the  potential  nucleation 
sites  ot  microcracks. 

The  wave  modes  employed  by  Truell  and  his  associates  were  mainly  longi- 
tu  inal  waves.  A  longitudinal  wave  is  a  volume-type  wave,  but  fatigue  damage 
develops  only  at  or  near  the  surface  of  a  test  specimen.  Rayleigh  waves  or 
surface  waves  therefore  seem  more  appropriate  for  studying  the  change  in 

attenuation  and  velocity  of  propagation.  Moreover,  depth  of  wave  penetration 
is  controllable. 


I  ho  change  in  attenuation  as  well  as  velocity  of  propagation  of  a 
Rayleigh  wave  in  mild  steel  subject  to  fatigue  deformation  has  been  investi¬ 
gated  by  Herlescu  and  his  coworkers  (1967).  Both  attenuation  and  velocity' 

incroase  -sllShtl>'  at  the  earl>’  stage  of  fatigue  (about  1/100  to 
1  1000  life).  I hev  then  drop  considerably  and  become  somewhat  constant  as 
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cycling  proceeds.  Finally,  there  is  a  pronounced  increase  of  attenuation 
as  a  result  of  dispersion  of  ultrasound  at  the  microcracks.  Velocity  in 
this  interval  changes  relatively  little. 

Relaxation  and  work-hardening  are  thought  to  cause  such  changes  in  the 
propagation  of  ultrasound  waves.  Relaxation  is  assumed  dominant  in  the 
beginning.  Later,  work-hardening  intensifies,  and  relaxation  ceases  to  play 
an  important  role.  Search  of  fatigue  damage  should  thus  be  concentrated 
in  the  period  prior  to  the  formation  of  microcracks  when  both  attenuation  and 
velocity  first  decrease  and  then  become  constant. 


EXOELECTRON  EMISSION 

The  term  exoelectron  has  been  used  to  describe  electrons  emitted  from 
both  metais  and  nonmetals  which  have  been  subjected  to  various  treatments, 
such  as  abrasion,  mechanical  deformation,  irradiation  with  ultraviolet  light, 
X-rays  or  ultrasonic  waves,  electron  bombardment,  electric  gas  discharge, 
chemical  interaction  between  the  material  surface  and  the  ambient  gas ,  phase 
transformation  upon  heating  or  cooling,  etc.  The  first  comprehensive  dis¬ 
cussion  of  this  subject  took  place  in  an  exoelectron  conference  held  in  1956 
in  Austria.  A  number  of  reviews  (Grunberg,  1958;  Mueller,  1961;  Bohun,  1963; 
Bohun,  1965,  Ramsey,  1965;  Brotzen,  1967)  have  been  published  since  then. 
Because  exoelectron  emission  can  be  excited  in  a  variety  of  ways,  there  is 
much  confusion  in  the  literature  on  the  mechanism  of  emission.  The  present 
survey  will  therefore  not  be  devoted  either  to  examining  the  mechanisms  or  to 
reviewing  the  present  state  of  the  art.  Rather,  the  objective  is  to  make  a 
concise  report  on  the  exoelectron  emission  arising  mainly  from  abrasion  or 
plastic  deformation  of  metallic  materials.  Such  knowledge  is  essential  to 
developing  new  testing  techniques  based  upon  exoelectron  emission  for 
assessing  the  damage  of  metals  subjected  to  cyclic  stressing.  An  annotated 
bibliography  containing  articles  dealing  mainly  with  exoelectron  emission 
from  abraded  or  plastically  deformed  metals  and  published  after  1956  is 
presented  in  appendix  I. 

The  emission  of  electrons  from  abraded  or  deformed  metal  surfaces  has 
been  interpreted  in  several  ways:  (1)  The  interaction  of  gas  with  the 
freshly  worked  surface  resulting  either  in  the  release  of  energy  due  to 
chemisorption  of  oxygen  (Haxel  et  al,  1952;  Lohff,  1956)  or  the  absorption 
of  water  vapor  (Ramsey,  1967)  or  in  the  formation  of  a  layer  of  defected 
structure  containing  trapping  sites  which  produce  a  surface  of  lower  work  of 
function  (Grunberg  and  Wright,  1955;  Ramsey  and  Garlick,  1964),  (2)  the 
release  of  energy  associated  with  the  vacancies  reaching  the  surface  by 
diffusion  (von  Voss  and  Brotzen,  1959;  Ku  and  Pimbley,  1961),  and  (3)  the 
transfer  of  energy  associated  with  the  stress  field  around  dislocation  to 
electrons  (Krogstad  ;.:nd  Moss,  1965).  The  active  emission  centers  are  assumed 
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to  b  them .sorbed  atoms  vacancy  clusters,  points  of  emergence  of  dislocations 
on  the  surface,  etc.  Iherefore,  exoelectron  emission  can  occur  by  the  inter¬ 
action  between  the  metal  surface  and  the  ambient  gas  as  well  as  bv  the  defor¬ 
mation  of  the  metal  lattice.  It  is  also  found  that  the  effect  of  the  former 
canjie  weakened  by  localized  and  dynamic  loading  in  vacuum  (Mints  and  Kortov, 


bmiss ion  caused  by  the  deformation  of  the  lattice  must  be  associated 
with  dislocations  or  point  defects.  This  is  demonstrated  by  the  corres¬ 
pondence  between  the  darkened  spots  on  the  emulsion  applied  to  a  statically 
strained  zinc  single  crystal  and  dislocation  etch  pits  along  the  slip  lines 
l  eleka  and  Harr,  I960),  and  by  the  emission  of  electrons  from  aluminum  after 
quenching  from  temperatures  between  300°  and  450°  C  (Claytor  et  al  1966)  The 
release  of  electrons  can  be  facilitated  by  lowering  the  work  function  of  the 
metal  surface,  since  change  in  the  contact  potential  with  strain  in  molybde- 
num  and  tantalum  indicates  that  the  work  function  of  these  metals  is  reduced 
ats  a  result  of  plastic  deformation  (.Andreev  and  Palige,  1962  and  1964) 

1  10  uork  Action  changes  are  associated  with  surface  structure  modifications. 

The  kinetic  characteristics  of  emission  is  influenced  by  the  mobility 
ot  point  defects.  The  time  for  ground  aluminum  to  reach  the'  maximum 
emission  before  decay  sets  in  is  shorter  than  the  time  for  ground  gold  at 
a  pressure  about  10-1  torr  (Mints  and  Kortov,  1967).  Shorter  time  to  peak 
emission  rs  attributed  to  higher  mobility  of  point  defects  because  time  is 
required  lor  dislocations  and  point  defects  moving  to  the  metal  surface. 

By  the  same  reasoning,  decay  of  the  emission  from  the  metal  surface  having 
point  defects  of  lower  mobility  should  be  slower.  This  phenomenon  is 
observed  in  the  experiment  with  ground  silicon  and  germanium  (Kryuk  et  al, 
l.Hih).  I  he  slower  decay  for  silicon  is  due  to  lower  mobility  of  vacancies, 
indicated  by  a  greater  activation  energy  for  self-diffusion  in  silicon. 


I  he  mobility  of  point  defects  increases  with  temperature.  The  emission 
from  abraded  metal  surfaces  (Ku  and  Pimbley,  1961;  Ramsey,  1965;  Williams, 
1966)  or  str  .ined  metal  specimens  (Hempel  et  al,  1964)  has  been  found  to 
increase  w.tn  rising  temperature.  However,  the  relation  between  exoelectron 
emission  and  migration  of  the  point  defects  to  the  surface  is  still  not  well 
understood  because  it  is  difficult  to  avoid  the  influence  of  ambient  gas 
exerted  on  the  surface.  Freshly  abraded  aluminum  specimens  and  those  that 
were  abraded  and  aged  at  room  temperature  for  8  days  exhibited  similar 
emission  when  their  surfaces  were  etched  (Mueller  and  Pontinen,  1964). 

I'efects  in  the  aged  specimens  had  ample  time  to  migrate  to  the’surface  and 
to  internal  sinks.  The  observed  emission  from  abraded,  aged,  and  etched  speci 
nen>  is  probably  due  to  interaction  between  the  ambient  gas  and  the  new  sur¬ 
face  produced  by  etching. 


In  addition  to  surface  conditions,  structure  of  the  metal  surface  can 
influence  exoelectron  emission.  Local  indentation  on  metallurgical  phases  of 
steels  results  in  varying  emission  intensity  (Kortov  and  Mints,  1965;  Bogachev 
et  al,  1966).  The  intensity  of  ferrite  is  greater  than  that  of  austenite 
which  in  turn  has  more  intense  emission  than  either  martensite  or  epsilon 
carbide.  Grains  and  grain  boundary  may  also  have  different  exoelectron 
emission. 

Emission  from  most  abraded  or  otherwise  deformed  metals  is  not  observed 
in  total  darkness.  Light  is  necessary,  and  the  photoelectric  threshold  is 
shifted  (Conrad  and  Levy,  1961).  The  explanation  is  that  the  energy  of 
impinging  photons  is  needed  to  add  to  the  energy  which  is  released  by  vacan¬ 
cies  at  the  surface  in  order  to  exceed  the  work  function  of  the  surface 
(Pimbley  and  Francis,  1961).  However,  emission  without  photostimulation  has 
been  observed  during  plastic  deformation  of  aluminum  coated  with  a  thick 
(over  50  pim)  oxide  layer  (Gievoszynski  and  Sujak,  1965).  Two  emission  peaks 
occur  at  a  strain  of  0.01-0.02  and  0.03-0.04.  The  emission  is  considered  to 
originate  from  the  oxide  layer  and  is  attributed  to  large  electric  fields 
(about  10 7  v/cm)  when  the  cracks  in  the  oxide  layer  are  formed. 

Deceleration  methods  have  been  used  to  determine  the  average  kinetic 
energy  of  exoelectrons  (Lohff,  1957;  Bathow,  1958).  The  value  for  abraded 
metals  in  vacuum  varies  from  0.13  to  0.20  ev.  The  highest  energy  that  can 
be  determined  depends  on  the  emission  intensity  and  the  sensitivity  of  the 
measuring  apparatus.  The  emission  intensity  prior  to  saturation  relates  to 
the  grid  potential  by  the  equation: 


N  =  N’0  exp 


where  N  =  number  of  emitting  electrons  per  second 

N0  =  saturated  number  of  emitting  electrons  per  second 
U  -  grid  potential 

=  contact  potential  between  grid  and  the  specimen 
0  =  a  constant 

A  design  of  a  spectrometer  to  measure  electron  energy  is  shown  in 
appendix  II. 

Since  exoelectrons  emit  at  the  surface  of  a  material,  it  is  essential 
to  know  the  thickness  of  the  surface  responding  to  emission.  Experiments  on 
emission  excited  by  electron  bombardment  reveal  that  the  estimated  thickness 
varies  from  2  x  102  A  at  1  kv  for  tungsten  and  germanium  (Seeger,  1955  and 
1957)  to  5  x  10^  A  at  5  kv  for  CaSO^  containing  manganese  (Vogel,  1960). 
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Successive  removal  by  etching  of  surface  layers  from  an  abraded  aluminum 
specimen  shows  that  emission  dies  out  at  approximately  a  depth  of  0.2  pm  or 
2  x  10'  A  (Mueller  and  Pontinen,  1964). 

Since  fatigue  cracks  usually  start  at  or  near  the  surface,  both  fatigue 
damage  and  exoelectron  emission  belong  to  surface  phenomena.  Furthermore, 
cyclic  stressing  can  accumulate  rather  large  amounts  of  plastic  strain,  and 
the  emission  intensity  increases  with  increasing  amount  of  deformation 
(von  Voss  and  Brotzen,  1959).  Therefore,  exoelectron  emission  could  be  a 
measure  of  cumulative  fatigue  damage. 

iixoelectron  emission  by  fatigue  deformation  has  been  reported 
(Grosskreutz  and  Bensen,  1963;  Hempel  et  al ,  1964;  Krogstad  and  Moss,  1965; 
Bogachev  et  al,  1966;  Mints  and  Kortov,  1967;  Mints  et  al,  1968).  The  inten¬ 
sity  generally  increases  with  the  number  of  cycles.  After  it  reaches  a  satu¬ 
rated  value,  it  slowly  decreases  until  specimen  failure.  A  rapid  rise  of 
intensity  shortly  before  failure  has  also  been  observed.  This  rise  is  attri¬ 
buted  to  the  formation  of  fatigue  cracks,  but  it  cannot  be  used  to  assess 
fatigue  damage  because  the  damage  occurs  and  grows  at  the  early  stage  of 
fatigue  deformation.  Therefore,  the  progressively  changing  emission  events 
during  the  test  before  the  final  rise  should  be  analyzed. 


OTHER  PHENOMENA 


Acoustic  emission  has  been  associated  with  the  formation  and  growth  of 
macrocracks.  This  phenomenon  might  also  be  useful  to  indicate  fatigue  damage 
at  its  early  stage.  Since  it  is  the  subject  of  several  associated  studies, 
it  has  not  been  covered  here. 

The  possibility  of  using  nuclear  phenomena  can  also  be  considered.  The 
use  of  the  'lossbauer  effect  for  the  measurement  of  residual  stresses  has  been 
considered  by  Gonser  and  Martin  (1963),  and  Gonser  (1968)  suggests  that 
plastic  deformation  would  affect  nearest  neighbor  interactions.  However,  for 
practical  purposes,  the  use  of  the  'lossbauer  effect  is  limited  to  ferrous 
alloys . 


C0NCLUS IONS 

err*. 

Fatigue  damage  can  be  correlated  with  the  changes  of  a  number  of  physical 
properties.  The  physical  properties  which  have  been  investigated  have  their 
own  merits  as  well  as  drawbacks.  Magnetic  hysteresis  losses  are  limited  to 
ferrous  materials.  Internal  stresses  are  the  principal  factor  that  causes 
magnetic  hysteresis  and  eddy  current  losses,  but  fatigue  process  is  not  mainly 
dependent  upon  internal  stresses.  The  electric  impedance  method  is  better  to 
indicate  crack  formation  and  propagation  leading  to  specimen  failure  than  to 
detect  earlier  fatigue  damage.  The  changes  of  correlation  intensity  of  a 
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coherent  system  in  a  fatigue  process  might  offer  an  indication  to  earlier 
tatigue  damage.  More  infonnation  is  needed.  Internal  friction  is  a  bulk- type 
physical  property,  but  early  fatigue  damage  concentrates  in  the  surface  layer, 
ineir  correlation  is  therefore  poor.  Propagation  of  ultrasonic  waves  is  a 
promising  method  to  detect  fatigue  damage.  Surface  waves  instead  of  longitu¬ 
dinal  or  shear  waves  should  be  utilized  to  interrogate  only  the  surface  layer. 

?re  is  very  likely  a  relation  between  fatigue  damage  and  exeoelectron 
emission  because  both  belong  to  surface  phenomena. 
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SECTION  IV 


EXPERIMENTAL  EQUIPMENT 


FATIGUE  TEST  UNIT 

To  investigate  the  various  nondestructive  test  approaches  under  dynamic 
conditions  and  appropriate  environmental  control,  it  was  necessary  to  con¬ 
struct  a  small,  portable  fatigue  test  unit.  This  unit  consists  of  a  pumping, 
timing,  and  metering  unit  which  feeds  hydraulic  fluid  into  a  double-acting 
piston  and  cylinder  arrangement  connected  directly  to  one  end  of  the  specimen 
(figure  1).  The  piston  and  cylinder  unit  is  rigidly  attached  to  a  loading 
frame,  which  also  supports  the  other  end  of  the  specimen.  A  microswitch 
attached  to  the  loading  frame  stops  all  circuits  on  specimen  failure.  A 
plate  inserted  between  the  piston  and  cylinder  unit  and  the  specimen  serves 
as  a  base  for  mounting  a  ring  carrying  a  glass  chamber,  which  can  be  evacuated 
and  which  contains  necessary  instrumentation.  Figure  2  shows  the  ring,  the 
microswitch,  and  a  specimen  in  the  loading  frame.  The  unit  is  designed  for 
loads  up  to  5,000  pounds  and  for  cycling  rates  varying  from  a  steady  pull  to 
120  cycles  per  minute.  The  rate  for  the  tests  planned  is  standardized  at  the 
upper  limit.  Actual  loads  are  measured  by  four  strain  gages  mounted  on  the 
connecting  link  between  the  piston  and  the  lower  end  of  the  specimen.  Con¬ 
necting  the  lower  specimen  grip  and  the  base  plate  is  a  metal  bellows,  which 
gives  a  flexible  vacuum  seal,  llie  number  of  cycles  is  counted  by  a  counter 
installed  on  and  electrically  connected  to  the  control  box  of  the  hydraulic 
system.  Variation  of  the  load  during  test  is  displayed  on  a  recorder  con¬ 
nected  to  a  carrier  amplifier  into  which  the  output  of  the  strain  gages  is 
fed.  A  calibration  curve  relates  the  load  to  hydraulic  pressure. 

The  vacuum  system  (figure  3)  consists  of  a  mechanical  pump,  an  oil  dif¬ 
fusion  pump,  two  liquid  nitrogen  cold  traps,  gages  necessary  for  measuring 
pressure,  and  a  glass  chamber  in  which  the  loading  frame  is  housed.  The  use 
of  a  second  cold  trap  is  to  prevent  backstreaming  of  oil  from  the  diffusion 
pump  and  contamination  of  the  instruments  in  the  glass  chamber.  The  ring  on 
which  the  glass  chamber  is  mounted  is  pierced  by  a  2 -inch -diameter  vacuum 
suction  tube,  a  5/16- inch  air  inlet  hole,  and  electric  vacuum  leadthroughs . 
Altogether,  provision  is  made  for  a  high-voltage  leadthrough,  an  RF  lead- 
through,  a  seven-pin  milliampere  leadthrough,  and  an  eight-pin  leadthrough  for 
larger  currents.  The  load  strain  gage  leads  for  load  calibration  are  on  the 
atmosphere  side  of  the  bellows. 


EXOELECTRON  EMISSION 


l\v'o  approaches  to  detect  and  measure  exoelectron  emission  were  tried. 

Hie  first  consisted  of  attempts  to  detect  exoelectrons  by  means  of  phosphors. 
A  number  of  cathode  ray  phosphors  were  available.  Attempts  at  detection  were 
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Figure  1.  Hydraulic  System 


Figure  2.  Specimen  and  Loading  Frame 
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Oth  visual  with  the  unaided  eye  and  by  means  of  an  image  intensifies  The 
ln^rument  used  was  an  Army  Night  Vision  Sight  AN/PVS-2  Starlight  Scope  with 
about  4X  image  magnification  and  approximately  40,000X  intensity  magnification. 
Ihe  use  of  this  instrument  required  a  completely  blacked-out  room  in  which  the 
entire  fatigue  and  vacuum  equipment  was  placed. 


The  other  approach  utilized  a  Bendix  type  4039  Channel tron  electron 
miltiplier,  c°imected  as  shown  in  figure  4.  The  semiconductor-type  multiplier 
is  helical  in  shape  and  has  a  hom  of  10  mm  diameter  at  one  end.  The  horn 
faces  the  middle  portion  of  the  specimen  about  3/8  inch  away  through  a  hole  at 
one  side  of  a  shield  box.  The  shield  box  is  charged  at  the  same  positive 
potential  as  the  bias  voltage  to  the  electron  multiplier  so  that  only  the 
electrons  emitted  from  the  specimen  surface  facing  the  hom  enter  the  electron 

ToonP™n'  H^e  ™ltlp}ler  bas  a  «ain  of  about  108  with  the  application  of 
l’°°l  rC‘  pUlses  from  the  electron  multiplier  are  amplified  and 

stretched  before  they  are  counted.  The  number  of  counts  in  either  1  or  10 

seconds  is  finally  printed  on  a  tape  by  a  digital  printer.  Figure  5  shows  the 
f!^el  eleCtr°n  multlPlier  with  the  shield  off  and  mounted  on  the  loading 


After  completion  of  several  tests,  the  type  4039  Channeltron  electron 

umT  T  t0  behaV£  erratically-  Jt  was  therefore  replaced  with  a 
type  4013  electron  multiplier  which  is  circular  shaped  and  has  a  hom  with 

inn  diameter,  Owing  to  this  change  of  multiplier  configuration  as  well  as 
the  space  available  m  the  glass  chamber,  the  type  4013  Channeltron  electron 
multiplier  was  placed  about  2  inches  away  from  the  specimen.  To  compensate 
for  the  longer  path  for  electron  travel  and  the  smaller  hom,  the  shield  box 
in  which  the  electron  multiplier  was  mounted  was  not  at  bias  potential  but  was 
grounded  to  collect  as  many  electrons  as  possible  from  the  specimen  surface 


PROPAGATION  OF  ULTRASONIC  SURFACE  WAVES 

TVo  methods  of  surface  waves  testing  were  considered:  The  variable-angle 

acrylic  wedges  and  an  angulated  water-column  tube.  The  water-column  method 

does  not  have  flexibility  for  changing  the  incident  angle  but  does  permit 

evaluation  of  a  wide  range  of  standard  commercial  ultrasonic  transducers  in 

terms  of  crystal  diameter,  test  frequency,  focusing  effects  on  beam  control, 
etc.  * 


Acrylic  wedges  were  designed  for  adapting  existing  2.25  MHz  crvstals  of 
lithium  sulphate  for  the  mode  conversion  to  surface  wave  mode.  The  crvstals 
range  in  sizes  from  1/2  to  3/16,  1/4,  and  5/16  inch  diameter  and  were  encap¬ 
sulated  in  an  acrylic  cylinder,  with  the  crystal  axis  normal  to  the  principal 
axis  ol  the  cylinder.  The  crystal  assembly  was  fitted  to  the  acrvlic  wedge, 
as  shown  in  figure  6,  with  provisions  for  rotating  the  crystal  to'varv  the 
incident  angle  and  for  locking  in  a  fixed  angle. 


23 
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Figure  5.  Channeltron  F.lectron  Multiplier  and  Loading  Frame 
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1 igure  <>.  Surface  Wave  Transducers,  2.2/  All Iz ,  Acrylic  Wedges 
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The  incident  angles  for  surface  wave  mode  can  he  estimated  from  the 
following  equation: 


where  ©p  is  the  incidence  angle,  Vp  is  longitudinal  velocity  in  the  acrylic 
wedge  material,  and  Vg  is  tne  surface  wave  velocity  in  the  test  material. 
When  the  ratio  of  Vp/Vg  equals  or  exceeds  unity,  surface  waves  cannot  he 
generated  since  the  incidence  angle  is  90  degrees  or  greater. 


However,  since  the  longitudinal  acoustic  beam  from  the  crystal  diverges, 
the  practical  optimum  angle  of  incidence  is  larger  and  must  he  determined 
emp  rically.  The  acrylic  wedges  permitting  rotation  of  the  crystal  were 
use*'  for  tiie  purpose.  As  the  crystals  were  rotated,  the  conditions  for  pure 
surface  wave  generation  in  the  material  were  determined  by  touching  the  sur¬ 
face  and  noting  when  the  reflected  energy  could  he  cancelled.  The  optimum 
angle  was  then  determined  by  increasing  che  incident  angle  from  a  value  less 
than  the  theoretical  value  until  pure  surface  wave  propagation  was  obtained. 

The  water  column  transducer  shown  in  figure  7  uras  developed  for  surface 
wave  propagation  using  the  water-specimen  interface  for  the  mode  conversion. 
The  column  angle  was  calculated  as  for  the  acrylic  wedges  except  that  the 
value  was  for  water.  The  length  of  the  column  (Vo)  is  calculated  using  the 
near  field  equation: 

0.25  D2!'  0.25  Vi 

1  o  “  -  -  - 

vL  f 

where  D  is  the  diameter  of  the  crystal,  f  is  the  frequency,  and  Vp  is  the 
longitudinal  velocity  in  water.  The  cal cu1  at ion  for  0.5-inch  diameter  crvstal 
operating  at  2.25  MHz  in  water  gives  a  r m  ield  length  of  5.6  cm  or  1.42 
in  dies . 


Evaluation  of  surface  wave  transducers  was  carried  out  in  terms  of  stand¬ 
ardized  coupling  techniques,  velocity  determination,  and  simulated  crack 
detection.  The  acrylic  wedge  transducers  yielded  better  results  than  did  the 
water  column  transducer.  Of  the  acrylic  wedge  transducers,  the  1/2-indi  trans¬ 
ducer  proved  capable  of  detecting  all  simulated  cracks  within  a  beam  spread  of 
approximately  4  degrees . 

A  1/2- inch- type  SM2  surface  wave  transducer  operating  at  2.25  'Hz  f man¬ 
ufactured  by  Automation  Industries)  was  used  in  both  velocity  and  attenuation 
measurements.  Two  systems  were  employed  to  measure  the  surface  wave  velocity. 

A  conventional  system  (figure  8)  consists  of  a  Sperry  IK  reflectoscope ,  a 
Tektronix  type  544  oscilloscope,  and  a  Hewlett  Packard  'fodel  410B  ac  voltmeter. 
A  precision  ultrasonic  velocity  measurement  system  (figure  9)  utilizes  pulse 
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TOP  VIEW 
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SIDE  VIEW 


Figure  Surface  Wave  Transducer  with  Water  Column  Coupler 


Figure  8.  Conventional  System  for  Ultrasonic  Wave  Velocity  Measurement 
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superposition  technique,  i.e.,  adjustment  of  the  pulse  repetition  rate  to  pro¬ 
duce  superposition  of  the  desired  pulse  echoes.  A  block  diagram  is  illustrated 
in  figure  10.  The  system  utilizes  a  variable,  high-stability,  sine-wave 
generator  as  the  pulse  rate  source.  Its  output  frequency  is  accurately 
measured  by  a  digital  frequency  counter.  The  generator  output  is  converted 
by  a  digital  frequency  divider  to  a  pulse  signal  at  1/100  the  frequency  of  the 
input  signal.  TOis  pulse  is  processed  by  a  pulse -gating  circuits  to  produce 
a  trigger  for  the  high-power  pulse  generator,  an  oscilloscope  sync  signal,  and 
receiver  gating  signals.  The  high-power  pulse  generator  produces  a  nominal 
250-volt  pulse  with  a  rise  time  of  3  to  6  nanoseconds  (and  an  exponential 
decay)  which  is  used  to  excite  the  ultrasonic  excitation  transducer.  The  con¬ 
ventional  system  was  also  used  to  measure  the  attenuation  of  surface  waves. 
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pigUrc  in.  Block  Diagram  of  the  Precision  Ultrasonic  Wave  Velocity  System 
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SECTION  V 


MATERIALS  AND  SPECIMENS 


MATERIALS 

Initially,  Armco  iron  was  selected  on  the  basis  of  wide . industrial  inter¬ 
est  ready  availability,  and  as  typical  of  body- centered  cubic  material.  Pre- 
liminary  fatigue  tests' indicated  that  specimens  loaded  to  95.7  and  98.2  percent 
of  theultimate  strength  failed  after  9,000  and  15,000  cycles  respectively, 
with  indications  of  considerable  necking;  whereas  a  specimen  loaded  to  88. o 
percent  of  the  ultimate  strength  did  not  fail  after  3.6  x  10  cycles.  These 
results  indicated  an  extremely  flat  fatigue  curve,  which  would  have  made 
accurate  control  of  life  to  failure  very  difficult.  It  was,  therefore, 
decided  to  store  the  Armco  iron  for  possible  future  use  and,  for  initial 
studies,  to  use  a  grade  1100-0  aluminum  alloy.  The  material  gave  the  follow- 

ing  mechanical  properties: 


Ultimate  tensile  strength,  ksi 

Tensile  yield  strength 

Elongation  to  failure,  %  in  2  inches 


Supplier  Data 
13.5/13.8 
6.7/618 
33/34 


Own  Data 
12.76 
6.53 
31.80 


Commercial  purity  titanium  and  AZ31B-H24  magnesium  alloy  were  also  used, 
but  only  a  few  preliminary  tests  were  conducted. 


SPECIMENS 

Standard  fatigue  test  specimens  7  inches  long  were  cut  from  the  0.09-inch- 
thick  1100-0  aluminum  sheet  stock.  Each  side  of  the  test  section  has  a  -inc 
radius.  The  widths  at  the  center  and  at  the  end  of  the  test  section  are  1/2 
inch  and  1-1/8  inch,  respectively.  After  machining  they  were  electropolished 
in  a  bath  containing  25  percent  nitric  acid  and  75  percent  methanol.  After 
electropolish,  they  were  rinsed  with  water  and  then  rath  isopropyl  alcohol. 

In  addition,  several  specimens  were  not  electropolished  but  chemical  fished 
with  a  solution  similar  to  Keller’s  etch  for  aluminum  but  containing  twice  the 
usual  amount  of  hydrofluoric  acid.  The  surfaces  of  both  electropolished  and 
chemical  polished  specimens  exhibit  the  same  grain  stiucture  when  examined 
under  a  microscope. 

Shapes  of  the  titanium  and  magnesium  alloy  specimens  are  identical  to  the 
aluminum  specimen.  Titanium  specimens  were  chemical  polished  with  a  solution 
of  hydrofluoric  acid,  hydrogen  peroxide,  and  water;  magnesium  alloy  specimen 
were  chemical  polished  with  a  solution  of  fuming  nitric  acid  and  water. 
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SECTION  VI 


EXOELECTRQN  EMISSION  TESTS 


FAIT  CUE  TEST 

As  a  basis  for  future  work  on  1100-0  aluminum,  a  reliable  fatigue  curve 
had  to  be  determined  for  this  test  material.  The  specimens  were  tested  in 
tent ion -tension  loading  at  stress  levels  varying  from  a  minimum  stress  equal 
to  3  percent  of  the  maximum  stress  to  maximum  stress  levels  between  11,160  and 
11,800  psi  or  about  92.5  percent  of  the  ultimate  tensile  strength.  Three  speci¬ 
mens  were  tested  at  each  stress  level.  During  tests,  the  specimen  surfaces 
were  continually  watched  through  a  telescope  to  search  for  the  appearance  of  a 
visible  crack.  Tests  were  also  interrupted  at  intervals  to  check  for  the 
appearance  of  cracks  by  means  of  flourescent  penetrant  technique.  Two  speci¬ 
mens  at  a  maximum  stress  level  of  11,800  psi  and  one  specimen  at  a  maximum 
stress  level  of  11,640  psi  did  not  develop  cracks  even  at  more  than  their 
94  percent  of  fatigue  life.  However,  their  failure  was  sudden,  and  ample 
stretching  as  well  as  narrowing  at  and  near  the  minimum  test  section  observed 
in  the  test  indicate  that  tensile  fracture  by  necking  was  the  cause  of  failure. 
The  upper  fatigue  loading  limit  was  consequently  set  at  11,640  psi.  The  lower 
limit  was  roughlv  established  at  10,540  psi  because  a  specimen  did  not  exhibit 
a  crack  at  this  stress  level  after  being  stressed  to  more  than  5.3  x  10  cycles. 

The  S-N  curve  showing  the  relationship  between  maximum  stress  and  number 
of  cycles  for  1100-0  aluminum  is  presented  in  figure  11.  The  solid  and  dotted 
lines  represent,  respectively,  fatigue  failure  and  the  first  appearance  of 
cracks . 

The  fatigue  limit  is  10,540  psi,  i.e.,  about  82  percent  of  the  ultimate 
tensile  strength  (12,760  psi).  Relatively  high  fatigue  limits  (about  70  and 
"5  percent  of  the  ultimate  tensile  strength,  respectively,  for  pure  aluminum 
and  low  carbon  steel)  have  been  obtained  also  by  other  investigators  (Hempel 
et  al,  1964).  These  figures  are  higher  than  the  values  for  the  same  materials 
determined  by  symmetrical  alternate  loading  with  zero  mean  stress.  Such  dif¬ 
ferent  fatigue  behavior  is  probably  due  to  the  characteristics  of  cyclic  load¬ 
ing  because  the  dislocation  structure  and  density  in  a  specimen  deformed  by 
repeated  tensile  stresses  (nonzero  mean  stress)  are  quite  different  from  a 
specimen  in  reverse  bending  test  with  zero  mean  stress  (Feltner,  1963). 

From  the  fatigue  curve,  it  appears  that  necking  could  occur  at  a  stress 
level  of  11,640  psi,  but  does  not  occur  at  a  stress  level  of  11,500  psi.  The 
corresponding  average  fatigue  life  is  400,000  cycles,  which  is  convenient  from 
a  test- time  point  of  view.  A  total  of  15  specimens  were  therefore  prepared  as 
noted  and  cycled,  in  lots  of  three,  at  this  stress  level  to  fractions  of  the 
total  estimated  life  of  30,  50,  70,  80,  and  90  percent.  These  specimens  were 
used  for  metallographic  evaluation  of  the  fatigue -affected  zone  and  for  ultra¬ 
sonic  surface  wave  tests. 


Preceding  page  blank 
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ULTIMATE  TENSILE  STRENGTH  &  FRACTURE 

_ O  FIRST  APPEARANCE  OF  CRACK 


50 


Figure  11.  Fatigue  Curve  for  1100-0  Aluminum 


EXOELECTRON  DETECTION  BY  LUMINESCENCE 


Several  types  of  luminescent  coatings  were  tried.  In  one,  a  ZnO  phosphor 
(lot  T  962)  developed  specially  for  low-energy  electron  excitation  and  supplie 
by  Dr.  R.  Schraeder  of  the  RCA  Laboratories  was  mixed  with  distilled  water  and 
air  sprayed  onto  a  silver  film  vapor- deposited  on  a  glass  substrate.  This 
glass  slide  was  connected  to  the  positive  terminal  of  an  electric  circuit  and 
hung  on  the  loading  frame  at  an  approximate  60 -degree  angle  to  the  specimen. 

The  Army  Night  Vision  Sight  AN/PVS-2  Starlight  Scope  was  aimed  at  the  phosphor- 
coated  glass  slide.  The  phosphor  plate  was  charged  with  a  potential  of  5  volts 
relative  to  the  specimen.  Loading  tests  of  the  test  specimens  were  carried  out 
in  complete  darkness,  with  the  specimen  in  air  at  atmospheric  pressure  and 
under  a  vacuun  in  the  10' ®  torr  range.  In  both  tests,  the  stress  was  increased 
from  4,000  to  12,500  psi  at  an  increment  of  500  psi.  Time  at  each  increment 
was  2  minutes.  No  phosphorescence  could  be  seen  through  the  image  mtensifie 
at  any  time  during  either  test. 


To  settle  the  problem  of  the  usefulness  of  phosphor  for  direct  observation 
of  exoelectron  emission,  two  theimal  electron  sources  were  used  in  a  vacuum  in 
the  10' 5  torr  range  to  simulate  the  emitter.  The  ZnO-coated  glass  slide  and 
a  cathode  luminescent  screen  from  an  electron  microscope  acted  as  receivers. 
Circuiting  was  designed  to  allow  charging  of  the  receivers  relatively  to  the 
emitters  and  measurement  of  the  current  between  receivers  and  emitters.  No 
electron- generated  luminescence  was  observed  with  potentials  up  to  270  volts 
dc,  though  currents  up  to  10  microamperes  were  measured.  Both .  luminescent 
receivers,  however,  responded  readily  to  irradiation  by  ultraviolet  light. 


EXOELECTRON  EMISSION  MEASURED  BY  QIANNELTRON  ELECTRON  MULTIPLIER 

All  tests  involving  exoelectron  emission  by  charurelty°ne1ectron  multi¬ 
plier  were  conducted  at  room  temperature  and  in  a  vacuum  in  the  10  torr  ra  g  . 
The  bias  voltage  and  the  high  voltage  at  the  electron  multiplier  were  10  and 
3,100  volts,  respectively.  Test  results  of  aluminum  specimens  are  summarized 

in  table  I. 

Specimen  42  was  subjected  to  static  tensile  loading  at  10,650  psi  under 
daylight  for  20  seconds  before  the  load  was  released.  It  is  seen  in  figure  1- 
that  the  intensity  of  emission,  expressed  in  number  of  counts  per  fO-secon 
interval,  rose  rapidly  from  a  background  level  of  100  to  more  than  3,z50  in 
about  50  seconds,  and  decayed  subsequently.  To  prove  that  the  emission  pheno¬ 
menon  was  in  fact  associated  with  deformation  of  the  specimen,  the  same A?  1 
stress  (10,650  psi)  was  applied  again  for  15  seconds  at  about  630  secon 
after  the  peak  emission  had  occurred.  The  intensity  responded  by  increasing 
from  1,450  counts  to  about  4,300  counts  in  34  seconos.  Subsequent  decay 
appeared  to  take  place  fairly  slowly  with  the  intensity  still  ibout  1,10 
counts  after  the  elapse  of  22  minutes  since  the  second  peak  emission. 
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SIAMARY  OF  hXOhLTCTRON  {MISSION  TESTS  ON  1100-:.  MUMINUM 
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(4)  The  specimen  was  electropolished  prior  to  testing. 

(5)  The  specimen  was  chemical  polished  prior  to  cesting. 

(6)  The  glass  chamber  was  purged  with  argon  prior  to  testing. 

(7)  Type  4039  Channeltron  electron  multiplier  was  used  in  the  test. 

(8)  Type  4015  Channeltron  electron  multiplier  was  used  in  the  test. 


Specimen  45  was  subjected  to  a  high  fatigue  load,  with  a  maximum  stress 
of  12,600  psi  under  daylight.  The  intensity  of  emission  was  measured  by  the 
number  of  counts  in  1  second.  Figure  13  shows  that  an  emission  peak  occurred 
about  3.5  seconds  of  7  cycles  after  start  of  the  test.  The  emission  then 
appeared  to  die  out  quickly,  falling  to  the  background  level  as  cycling  pro¬ 
ceeded.  At  this  point  the  midsection  of  the  specimen  started  to  fail  by  neck¬ 
ing.  The  emission  rose  again  during  fracturing.  The  number  of  cycles  to 
failure  was  about  120,  so  the  first  peak  emission  occurred  at  5  to  6  percent 
of  fatigue  life. 

To  avoid  failure  by  necking,  the  maximum  fatigue  stress  on  specimen  34 
was  reduced  to  11,450  psi.  hxoelectron  emission  started  at  about  100  cycles. 
Afterwards,  the  emission  appeared  to  take  place  in  bursts,  as  evidenced  by  a 
number  of  peaks  shown  in  figure  14.  The  strongest  intensity  occurred  at 
around  800  eye les.  However,  the  emission  intensity  exhibited  a  decreasing 
trend  as  cycling  proceeded,  and  it  fell  to  the  background  level  after  4.5  x  104 
cycles.  Upon  further  cycling,  the  measured  intensity  was  maintained  at  the 
background  level  until  about  6.69  x  105  cycles  had  elapsed.  A  number  of  emis¬ 
sion  peaks  then  happened  again  while  a  visible  fatigue  crack  propagated  during 
the  continuation  of  fatigue  loading.  Finally  the  intensity  rose  rapidly  as 
the  crack  traversed  the  specimen  at  the  point  of  final  failure.  The  highest 
intensity  near  failure  was  much  weaker  than  most  of  the  peaks  observed  at  the 
beginning  of  the  test,  possibly  because  the  cracks  appeared  to  initiate  at  the 
specimen  surface  that  did  not  face  the  Channeltron  electron  multiplier. 

Indeed,  minute  cracks  were  seen  to  link  before  the  intensity  of  emission  rose 
from  the  background  level.  Furthermore,  the  intensity  did  not  rise  rapidly 
until  close  to  the  end  of  the  test  when  the  crack  penetrated  through  the  speci¬ 
men  thickness.  The  number  of  cycles  to  failure  was  6.74  x  10  .  Initial  exo¬ 
electron  emission  ceased  at  4.5  x  104  cycles;  it  occupied  thus  only  6.7  percent 
of  fatigue  life. 

The  same  test  conditions  were  repeated  on  specimen  66.  Exoelectrcn  emis¬ 
sion  started  at  less  than  100  cycles,  and  there  also  appeared  a  number  of  peak 
emissions  as  cycling  proceeded.  The  emission  phenomenon  again  showed  a  down¬ 
ward  trend  and  disappeared  after  about  3.4  x  104  cycles  (table  I).  Since  the 
test  on  specimen  34  reveals  that  after  cessation  of  emission,  no  further  emis¬ 
sion  would  take  place  until  fatigue  cracks  developed  near  the  end  of  the  test, 
and  since  this  earlier  emission  period  is  of  prime  interest  for  correlating 
with  early  fatigue  danger,  testing  of  specimen  66  was  discontinued  after 
3.55  x  104  cycles. 

Though 'specimen  52  was  also  subjected  to  a  maximum  fatigue  stress  of 
11,450  psi,  exoelectrons  were  emitted  continuously  in  the  test,  which  ended 
when  the  specimen  failed  after  14,740  cycles.  It  is  seen  in  figure  15  that, 
like  specimens  34  and  66,  the  emission  displayed  a  decreasing  trend  with  an 
increasing  number  of  cycles.  However,  after  the  elapse  of  1.2  x  10  cycles, 
the  intensity  of  emission  rose  again.  According  to  the  emission  behavior  of 
specimens  34  and  66,  the  initial  emission  period  with  decreasing  intensity 
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should  last  at  least  3  x  104  cycles.  Apparently  the  earlier  rise  of  emission 
intensity  was  associated  with  formation  and  propagation  of  fatigue  cracks.  The 
premature  failure  of  the  specimen  after  14,740  cycles  substantiates  this 
reasoning . 


Prior  to  testing  specimen  46  at  the  conditions  for  specimens  34,  52,  and 
(■■)(> t  the  glass  chamber  was  purged  with  argon  so  that,  after  the  vacuum  pressure 
was  in  the  10"^  torr  range,  the  residual  gas  would  be  argon  instead  of  oxygen. 
The  purpose  ot  the  purge  was  to  find  whether  the  exoelectron  emission  intensity 
would  be  influenced  by  the  residual  gas  because  argon  offers  less  attenuation 
to  electron  motion  in  vacuum.  Though  the  strongest  emission  from  specimen  46 
under  fatigue  deformation  was  more  intense  than  the  other  specimens  tested 
without  purging  with  argon,  the  dilference  in  emission  intensity,  expressed  in 
number  of  counts  in  10  seconds,  was  not  large,  being  about  three  times  as  high 
as  the  recorded  lowest  value  from  specimen  52  (table  I).  Furthermore,  the 
siiape  and  trend  of  the  emission  curve  for  specimen  46  are  quite  similar  to  those 
of  curves  for  other  specimens.  The  test  was  discontinued  soon  after  the  end 
of  emission. 

Some  sources  in  the  literature  cite  that  electrons  do  not  emit  from 
deformed  aluminum  in  darkness.  Some  light  must  be  provided  as  a  stimulator. 
Specimen  43  was  therefore  subjected  to  fatigue  loading  at  a  maximum  stress  of. 
11,450  psi  in  complete  darkness.  The  recorded  intensity  in  number  of  counts  in 
10  seconds  did  not  rise  above  the  background  level,  indicating  no  exoelectron 
emission.  The  test  was  discontinued  after  3.9  x  104  cycles. 

To  investigate  the  effect  of  fatigue  stress  level  on  exoelectron  emission, 
specimens  35,  37,  and  65  were  each  tested  under  daylight  at  a  maximum  fatigue 
stress  of  11,000  psi.  Like  the  specimens  subjected  to  higher  fatigue  stressing, 
exoelectron  emission  started  at  less  than  100  cycles,  and  the  emission  generally 
tended  to  become  weaker  as  cycling  proceeded.  The  emission  curve  also  had  a 
number  of  peaks,  but  magnitude  of  the  strongest  emission  was  much  lower  and 
cessation  of  emission  occurred  earlier.  Figure  16  shows  a  typical. emission 
curve  for  the  specimens  subjected  to  a  maximum  stress  of  11,000  psi.  The  tests 
for  specimens  35,  57,  and  65  were  discontinued  shortly  after  the  emission 
stopped.  Later,  however,  specimen  35  was  further  tested  at  the  same  stress 
level  in  air.  It  did  not  fail  after  undergoing  an  additional  1.79  x  10  cycles. 

Specimens  56,  56,  and  57  were  each  tested  under  daylight  at  an  even  lower 
maximum  stress,  10,540  psi,  the  tentatively  determined  fatigue  limited  based  on 
o  X  10°  cycles.  Like  the  previous  tests  at  higher  stress  levels,  the  type  4039 
Channel tron  electron  multiplier  was  used  for  the  tests  on  speciments  56  and  57. 
The  test  on  specimen  56,  however,  was  carried  out  using  the  type  4013  Channel 
tron  electron  multiplier  because  at  that  time  type  4039  behaved  erratically. 
Though  exoelectrons  started  to  emit  from  specimens  56  and  57  after  a  little 
more  than  100  cycles,  the  intensity  was  quite  weak,  the  strongest  emission 
being  only  about  two  and  a  half  times  the  background  level.  As  cycling 
proceeded,  the  emission  intensity  varied  between  one  and  a  half  and  two  times 
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the  background  level,  as  indicated  in  figure  17.  During  the  test  the  room  in 
which  the  test  was  being  conducted  was  made  completely  dark  several  times  y 
lowering  blackout  curtains.  The  emission  immediately  dropped  to . background 
level  but  rose  again  when  the  curtains  were  raised.  Therefore,  it  proved  that 
the  emission,  however  weak,  was  associated  with  fatigue  deformation  of  the 
specimen.  Shape  of  the  emission  curve,  however,  is  not  quite  similar  to  curves 
for  the  specimens  tested  at  higher  fatigue  stresses  because  the  downward  trend 
is  not  apparent  until  near  the  end  of  emission.  The  strongest  emission. occurred 
later,  and  the  end  of  emission  occurred  earlier  (table  I).  .  As  for  specimen  3  , 
using  the  type  4013  Channeltron  electron  multiplier,  no  emission. above  the 
background  level  was  observed  during  test.  The  test  was  discontinued  after 

3  x  10“*  cycles. 

To  explore  the  effect  of  stress  further,  specimen  61  was  tested  at  a  maxi¬ 
mum  stress  of  10,000  psi.  Emission  did  not  start  until  after  the  elapse  c 
more  than  400  cycles.  The  strongest  emission  was  only  about  twice  as  intense 
as  the  background  level.  With  an  increasing  number  of  cycles,  the  intensity, 
fluctuated  a  little  above  the  background  level  and  below  the  strongest  emission. 
Hie  period  of  emission  lasted  3,200  cycles,  but  the  test  was  continued  until 
after  ”  500  cvcles.  During  emission,  the  intensity  dropped  to  background  level 
ir  the  test  room  was  made  completely  dark.  This  indicates  that  exoelectrons 
still  were  emitted  from  the  1100-0  aluminum  specimen  under  cyclic  stressing 
below  the  fatigue  limit  based  on  6  x  10^  cycles. 

lo  investigate  the  effect  of  light  on  exoelectron, emission  of  1100-0 
aluminum  in  fatigue,  specimen  44  was  subjected  to  a  maximum  stress  of  11,450 
psi.  During  the  test,  the  specimen  was  irradiated  alternately  in  a  15  minute 
period  with  daylight  and  long-wave  ultraviolet  light.  The  source  o  the  latter 
was  a  15-watt  ultraviolet  tube  housed  m  a  metal  tube,  throwing  a  half  inch 
diameter  bean  directlv  to  the  middle  portion  of  the  specimen.  The  angle  of 
incidence  was  approximately  45  degrees.  Type  4013  Channeltron  electron  mu  ti¬ 
pi  ier  was  used  in  the  test.  The  emission  curve  is  shown  m. figure  18.  A  con 
si Jer able  increase  in  emission  during  ultraviolet  illumination  was  observed 
though  the  actual  levels  of  emission  were  much  lower  than  recorded  on  otie 
specimens  using  the  tvpe  4039  Channeltron  electron  multiplier.  The  emission 
could  not  1  e  measured  after  about  6,000  cycles  but  the  test  was  con  inued  to 
5  x  104  cycles,  fhis  specimen  was  later  tested  m  air;  it  failed  after 

additional  1.69  x  106  cycles. 

Commercial  pur i tv  titanium  and  A231B-II24  magnesium  alloy  were  tested  for 
exoelectron  emission  by  fatigue  delation.  The  type  4039  Channeltron  elec- 
tron  multiplier  was  used  for  all  the  tests. 

ritaniiun  specimen  3  was  subject  to  a  maximum  stress  of  3/ ,800  psi  under 
davlight.  No  emission  above  background  level  was  noticed  after  3,000  cycles, 
[he  stress  level  was  next  raised  to  43,500  psi,  but  there  was  still  no  emission 
after  an  additional  2,000  cycles.  The  stress  was  then  raised  in  three  steps. 
•IS, 500,  51, '00,  and  55,000  psi  with  each  step  lasting  2,000  cycles.  Again  n 
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EMISSION  UNDER 
ULTRAVIOLET  LIGHT 


Under  Various  Light  Conditions 


emission  could  be  detected  in  these  6,000  cycles.  Finally  the  stress  was 
increased  to  58,200  psi,  and  the  test  was  continued  until  the  specimen  failed. 
No  emission  was  observed  even  near  the  end  of  the  test  when  propagation  of 
fatigue  cracks  caused  complete  fracture  of  the  specimen. 

Titanium  specimen  5  was  tested  at  a  maximum  stress  of  50,600  psi  under 
long-wave  ultraviolet  light.  No  emission  occurred  after  1,400  cycles.  The 
stress  was  then  increased  to  55,600  psi  but  there  was  still  no  emission.  The 
test  was  stopped  after  an  additional  16,000  cycles. 

Magnesium  alloy  specimen  4  was  subject  to  a  maximum  stress  of  305,000  psi. 
No  emission  was  observed  after  1,200  cycles.  The  stress  was  next  increased  in 
six  steps:  34,600,  37,000,  39,000,  40,000,  41,000,  and  42,000  psi,  with  each 
step  lasting  2,000  cycles.  The  emission  did  not  rise  above  the  background 
level  in  these  1.2  x  10^  cycles.  The  stress  was  then  increased  to  43,000  psi. 
The  specimen  failed  at  this  stress  level  in  380  cycles.  Neither  in  this  dura¬ 
tion  nor  at  the  end  of  the  test  could  emission  be  observed. 


DISCUSSION 

Exoelectron  emission  occurs  from  both  statically  and  dynamically  deformed 
1100-0  aluminum.  Emission  from  metal  deformed  statically  in  tension  has  previ¬ 
ously  been  demonstrated,  using  a  Geiger-Mliller  counter  or  electron  multiplier. 
However,  some  additional  information  on  emission  behavior  has  been  obtained. 

For  example,  the  peak  emission  is  reported  to  occur  during  (Hempel  et  al,  1954) 
or  after  (von  Voss  and  Brotzen,  1959)  deformation,  depending  on  the  loading 
time.  As  shown  in  figure  12,  emission  peak  occurs  only  after  the  maximum 
stress  is  reached.  The  time  to  reach  peak  emission  is  about  twice  the  time  to 
reach  maximum  tensile  load.  Figure  12  further  shows  that,  if  a  load  is  released 
and  applied  again  before  the  emission  decays  to  the  background  level,  the  total 
emission  on  the  second  loading  is  about  the  same  as  the  emission  on  the  first 
loading.  It  would  appear  from  this  test  that  a  relationship  might  exist  between 
total  emission  during  a  loading  cycle  and  the  stress  time  of  that  cycle. 

Exoelectron  emission  by  fatigue  deformation  has  been  reported  (Grosskreutz 
and  Benson,  1963;  Hempel  et  al,  1964;  Krogstad  and  Moss,  1965;  Bogachev  et  al, 
1966;  Mints  and  Kortov,  1967;  Mints  et  al,  1968).  The  intensity  generally 
increases  with  the  number  of  cycles.  After  it  reaches  a  saturated  value,  the 
emission  decreases  slowly  until  specimen  failure.  A  rapid  rise  of  intensity 
shortly  before  failure  has  also  been  observed.  This  rise  is  attributed  to  the 
formation  of  fatigue  cracks.  Results  of  the  exoelectron  emission  tests  on 
1100-0  aluminum,  however,  are  not  in  complete  agreement  with  this  general  des¬ 
cription.  Emission  appears  to  occur  at  two  stages  of  the  fatigue  cycle:  an 
emission  period  in  the  early  stage  of  fatigue  process  and  another  emission 
period  near  the  end  when  developing  cracks  lead  to  failure;  there  is  practically 
no  emission  between  the  two  stages.  The  two-stage  emission  phenomena  are 
clearly  indicated  in  figures  13  and  14.  However,  the  two  stages  can  merge, 
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resulting  in  continuous  emission  during  the  whole  fatigue  process,  if  the 
second  stage  starts  before  the  first  stage  ends  (figure  15).  Hence,  so  far  as 
the  emission  behavior  of  1100-0  aluminum  by  tens ion -tens ion  fatigue  deformation, 
studied  using  an  electron  multiplier,  is  concerned,  the  general  description  in 
the  literature  is  merely  a  special  case. 

lhe  preliminary  fatigue  tests  on  commercial  purity  titanium  and  AZ31B-H24 
magnesium  alloy  did  not  indicate  emission  of  electrons.  However,  emission  from 
titanium  by  torsional  fatigue  has  been  detected  by  using  a  13-stage  photomulti¬ 
plier  (Krogstad  and  Moss,  1965).  There  are  no  specific  details  of  emission 
r°m  titanium,  but  they  observed  that  the  emission  from  gold,  iron,  nickel,  and 
titanium  in  general  started  after  a  few  hundred  cycles,  followed  by  a  series 
of  emission  events.  Frequency  with  which  the  emission  occurred  increased  to  a 
maximum  (at  about  one-third  of  fatigue  life)  and  then  decreased  slowly  until 
the  specimen  failed.  Emission  from  magnesium  by  abrading  has  also  been  observed 
by  Lorn. t  (1956)  using  an  electron  multiplier,  and  by  Ku  and  Primbley  (1961) 
using  a  Geiger-Miiller  counter.  In  contrast  with  these  results,  the  present 
finding  of  lack  of  emission  suggests  that  probably  the  emission  behavior  of 
titanium  and  magnesium  might  be  influenced  by  the  mode  of  deformation,  the  type 

of  detection  equipment,  the  test  environment  including  stimulation,  and  other 
factors . 

rhe  emission  behavior  of  1100-0  aluminum  by  fatigue  deformation  depends 
piimarily  on  the  maximum  stress  level.  Figure  19  shows  that  the  higher  the 
stress,  the  stronger  the  emission  (after  the  deduction  of  the  background  level) 
becomes.  The  time  in  reaching  the  strongest  emission  is  delayed  if  the  stress 
is  reduced  (figure  20).  The. duration  of  the  first  stage  of  emission  is  also  ' 
shortened  at  lower  stress  (figure  21) .  Surface  preparation  by  electropolish 
and  chemical  polish  yields  undistinguishable  results  (table  I) . 

Finission  decreases  rapidly  as  the  applied  stress  approaches  the  fatigue 
limit,  and  it  becomes  even  weaker  below  the  fatigue  limit.  However,  a  correla¬ 
tion  of  exoelectron  emission  and  fatigue  limit  of  aluminum  is  not  apparent. 

Unlike  ferrous  metals,  the  fatigue  curve  for  a  nonferrous  metal,  like  aluminum, 
does  not  exhibit  a  "knee,"  the  horizontal  portion  of  the  curve.  The  fatigue 
limit  of  a  nonferrous  metal  is  generally  defined  at  a  certain  number  of  cycles. 

Tn  the  piesent  tests,  for  example,  the  fatigue  limit  of  1100-0  aluminum  was 
tentatively  determined  to  be  10,540  psi  at  6  x  106  cycles. 

Regardless  of  fatigue  limit,  however,  the  test  results  reveal  a  marked 
influence  of  stress  level  on  emission.  When  the  stress  is  lowered,  duration  of 
the  first  stage  of  emission  becomes  shorter.  Since  lower  stress  increases 
fatigue  life,  the  first  stage  occurs  relatively  earlier  and  occupies  a  smaller 
percentage  of  the  fatigue  life.  For  example,  the  first  stage  of  emission 
occupies  about  six  percent  for  specimens  subjected  to  fatigue  stressing  at 
11,450  psi  and  less  than  one  percent  at  a  stress  of  11,000  psi.  At  a  stress 
of  10,000  psi  or  lower,  the  percentage  would  be  negligible. 
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Transmission  electron  micrography  reveals  that  the  d^lef  differsfrom* 

in  regions  near  the  surface  °fl™n  a  ter  as  1  cycles,  the  dislocation 

that  in  the  interior  (Wei  and  Baker,  1965).  After 10  cycles, 

loop  arrays  near  the  surface  are  often  associated  with  the  intensedetorma^e 

bands  in  which  *tigue  “jefc ! ^ntensHefomation  bands  develop 

whiih  1  as ts'6 less® than"  10 'per cen t  of  fatigue  life,  might  be  an  indication  of 
early  fatigue  damage .  Metallograpnic  examination  of  the  fatigued  aluminum 
specimens  will  test  this  speculation. 


There  is  considerable  evidence  of  a  relationship  between  exoelectron 

Ft- rH 

surface  as  suggested  by  Pimbley  and  Francis  (1961).  The  increased  energy of 

was  to  compare  directly  two  emission  curves  under  varying  light  energy 
tions  from  one  test  specimen. 


The  experiment  with 
detecting  exoelectron  by 
carried  out  in  darkness. 


different  illumination  also  explains  the  failure  of 
luminescence  of  the  phosphor  because  the  tests  were 
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SECTION  VII 


METALLOGRAPHY 

EXAMINATION  OF  FATIGUED  SPECIMENS 


Metallographic  examination  using  an  optical  microscope  and  an  electron 
microscope  was  conducted  on  a  control  and  five  specimens,  which  had  been 
subject  to  fatiguing  at  a  maximum  stress  of  11,500  psi  for  1.2,  2.0,  2.8, 

3.2,  and  3.6  x  10 5  cycles.  The  results  are  shown  in  figures  22  and  23.  The 
control  surface  shows  a  relatively  smooth  grain  structure.  The  fatigued 
specimen  surfaces  exhibit  considerable  evidence  of  slip  and  indications  of 
intrusions  and  extrusions  even  at  the  lowest  fatigue  exposure  of  1.2  x  105 
cycles.  Penetrant  tests,  however,  do  not  reveal  any  indication  of  surface 
cracks . 

Electron  microscope  replicas  of  regions  near  the  specimen  surface  in  the 
maximum  stress  area  on  sections  cut  at  20  degrees  to  the  surface  were  also 
examined.  The  micrographs  for  the  control  and  the  specimens  which  had  been 
cyclically  stressed  for  1.2  and  3.6  x  10$  cycles  are  reproduced  in  figure  24. 
Some  possible  surface  microcracks  or  surface  movement  with  a  depth  of  roughly 
0.1  pm  is  noted. 

To  gain  some  idea  of  the  depth  affected  by  the  surface  slip  movement, 
the  surfaces  of  specimens  cut  from  the  center  portion  of  the  specimens  fatigued 
for  2.0  and  3.6  x  105  cycles  were  examined  by  means  of  the  secondary  electron 
emission  microscope.  During  this  examination,  the  surface  layer  was  progres¬ 
sively  etched  off  by  means  of  an  argon  bombardment  until  all  traces  of  slip 
line  structure  had  disappeared.  Details  are  shown  in  figures  25  and  26.  The 
specimens  were  then  removed  from  the  microscope  and  mounted,  so  that  the  cross 
section  could  be  polished  across  the  area  exposed  to  the  argon  ions.  The 
depth  of  attack  was  then  measured  by  means  of  a  reticule  microscope  objective. 
The  depth  of  attack  after  exposure  for  2.0  x  10$  cycles  was  approximately 
10  pm.  Lengthening  the  exposure  about  two  times  at  the  same  stress  level 
changed  the  depth  only  to  about  13  pm. 

Table  I  shows  that  under  fatigue  loading  to  a  maximum  stress  of  11,450  psi, 
the  first  stage  of  exoelectron  emission  during  fatigue  deformation  ceases 
between  3.0  x  104  and  4.5  x  104  cycles.  The  strongest  emission  occurs  between 
600  and  800  cycles.  Two  specimens  were  then  cyclically  stressed  at  a  maximum 
stress  of  11,450  psi  for  800  and  3.0  x  10^  cycles,  respectively.  Replicas  of 
the  surface  at  the  center  section  of  the  specimens  were  made  before  and  after 
fatigue  test.  The  resulting  micrographs  are  shown  in  figures  27  and  28.  It 
is  seen  in  figure  27  that  slip  bands  are  evident  at  as  low  as  800  cycles. 

As  cycling  progressed,  slip  bands  appeared  in  more  grains  and  the  bands 
tended  to  become  wider  (figure  28) . 
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2.8  x  1()5  Cycles 


Control 


3.2  x  10 ^  Cycles 


1.2  x  10  Cycles 


2.0  x  10 b  Cycles 


Figure  22.  Optical  Micrographs  of  Fatigued 
1100-0  Aluminum  Specimens  (250X) 
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1.2  x  10  Cycles 


Control,  0  Cycle 


Figure  23.  Electron  Micrographs  of  Fatigi  l 
1100-0  Aluminum  Specimens  (2,500X) 


3.2  x  105  Cycles 


3.6  x  10^  Cycles 


Control 


1.2  x  10 3  Cycles 


3.6  x  10 3  Cycles 

Figure  24.  Replicas  of  Sections  Through  Fatigued  1100-0  Aluminum 
Specimens  at  20  Degrees  to  Surface  (6,500X) 


As  Fatigued 


Argon  Etch  for  4  Hours  35  Minutes 


Figure  25.  Secondary  Electron  Emission  Photographs  at  500X  of  Surface  of 
1100-0  Aluminum  Specimen  After  2.0  x  10^  Cycles 
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As  Fatigued 


Argon  Etch  for  57  Minutes 


Argon  Etch  for  3  Hours  27  Minutes 


Figure  2  6. 


Secondary  Electron  Emission  Photographs  at  500X  of  Surface  of 
1100-0  Aluminum  Specimen  After  3.6  x  10^  Cycles 
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Optical 


250X  Replica 


,  *  •%» . 
yx-  >t  >:i 


Optical 


250X  Replica 


After  Fatigue  Test 


Figure  2.7.  Micrographs  of  1100-0  Aluminum  Specimen  After  800  Cycles 
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Optical 


250X  Replica 


Before  Fatigue  Test 


Optical 


250X  Replica 


2,500X 


After  Fatigue  Test 


Figure  28.  Micrographs  of  1100-0  Aluminum  Specimen  After  3,0  x  10  Cycles 
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Center  sections  of  the  two  fatigue  specimens  were  also  examined  by  a 
secondary  electron  emission  microscope.  Argon  etch  was  used  to  remove  the 
slip  line  structure,  as  had  been  done  on  the  specimens  previously  fatigued 
for  2.0  and  3.6  x  IQS  cycles.  Details  of  the  changing  surface  appearance  are 
shown  in  figures  29  and  30.  The  depth  of  attack  for  the  specimen  subject  to 
fatigue  stressing  for  800  cycles  was  too  shallow  to  measure  accurately,  while 
that  for  the  specimen  which  had  undergone  3.0  x  10^  cycles  was  roughly  10  pm. 


DISCUSSION 


Metallographic  studies  of  1100-0  aluminum  reveal  that  slip  striations 
appear  very  early  on  the  surface  if  the  material  is  subject  to  relatively  high 
stress  fatigue.  The  depth  of  the  disturbed  surface  layer,  even  at  the  earliest 
observation  of  surface  disturbance,  is  of  the  same  order  of  magnitude  as  the 
grain  size,  in  this  case  less  than  10  pm.  Increasing  fatiguing  cycles  increases 
the  depth  of  the  affected  layer  only  very  slightly.  These  observations  agree 
with  those  of  other  investigators.  These  generally  report  that  micropores 
(or  the  intrusion  extension  by  means  of  tubular  hole  growth)  and  zones  of 
abnormal  distortion  within  grains  are  produced  between  1/1000  and  1/200 
specimen  life  (Wood  et  al,  1963).  They  do  not  grow  but  their  number  increases 
upon  continued  cycling.  The  micropores  are  not  actual  cavities  but  regions  of 
high  internal  strain  (Grosskreutz  et  al,  1966).  Presence  of  micropores  or 
zones  of  abnormal  distortion  can  also  be  deduced  from  ultrasonic  measurement 
because  both  ultrasound  velocity  and  attenuation  undergo  a  change  at  1/1000  to 
1/100  specimen  life  (Truell  et  al,  1959  and  1961).  Microcracks  eventually 
develop  in  these  centers  which  can  be  called  fatigue  damage  centers. 

The  investigations  here,  additionally,  confirm  that  increasing  fatigue 
damage  is  confined  to  a  surface  layer  and  does  not,  until  a  much  later  crack 
growth  stage,  penetrate  beyond  this  layer. 
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As  Fatigued 


Argon  Etch  for  50  Minutes 


Argon  Etch  for  2  Hours  35  Minutes 


Figure  29.  Secondary  Electron  Emission  Photographs  at  550X  of  Surface  of 

1100-0  Aluminum  Specimen  After  800  Cycles 


As  Fatigued 


Argon  Etch  for  3  Hours  58  Minutes 


Figure  30. 


Secondary  Electron  Emission  Photographs  at  550X  of  Surface  of 
1100-0  Aluminum  Specimen  After  3.0  x  10^  Cycles 


SECTION  VIII 


ULTRASONIC  SURFACE  WAVE  MEASUREMENTS 


TECHNIQUES 


The  pulse- echo  method  was  employed  to  measure  surface  wave  velocity  by 
means  of  the  conventional  system  (figure  8) .  One  transducer  was  placed  on 
the  surface  about  1  inch  from  the  specimen  center,  and  the  interval  between 
the  first  pulse  and  the  echo  was  measured.  The  transducer  was  then  moved 
1  indi  farther  away  from  the  specimen  center,  and  using  the  same  time  base  as 
before,  the  distance  between  the  first  pulse  and  the  echo  again  was  measured. 

In  the  precision  system,  (figure  9)  surface  wave  velocity  was  measured  by  the 
through- transmission  method  using  one  transmitter  and  one  receiver  placed  on 
the  same  specimen  surface.  The  signals  are  amplified  by  the  receiver  to  a 
level  adequate  for  oscilloscope  presentation.  The  receiver  utilizes  gating 
signals  to  control  receiver  gain  to  prevent  blocking  caused  by  the  high 
generator  pulses.  By  using  the  oscilloscope  in  the  main  sweep  delay  mode,  it 
is  possible  to  display  the  desired  signal  and  observe  pulse  superposition. 

When  superposition  is  achieved  (by  adjusting  the  sine-wave  generator  frequency), 
the  actual  frequency  is  monitered  on  the  counter.  Based  on  this  accurate 
frequency  data,  it  is  possible  to  calculate  ultrasonic  surface  velocity  with 
high  precision. 

For  attenuation  measurement  using  the  conventional  system,  the  transducer 
was  moved  in  a  manner  similar  to  the  velocity  measurement.  A  portion  of  the 
signal  displayed  on  the  reflectoscope  was  gated  and  amplified  to  an  ac  voltmeter. 
Difference  between  voltmeter  readings  at  the  two  transducer  locations  was  an 
indication  of  attenuation.  Measurements  were  made  at  1  and  5  MHz  frequencies. 


RESULTS  AND  DISCUSSION 


Surface  velocity  measurements  were  carried  out  on  a  control  specimen  and 
five  specimens  which  had  undergone  fatigue  deformation  for  1.2,  2.0,  2.8,  3.2, 
and  3.6  x  10 5  cycles  or,  respectively,  30,  50,  70,  80,  and  90  percent  specimen 
life  (based  on  4.0  x  10$  cycles)  at  a  maximum  stress  of  11,500  psi.  Results 
obtained  from  both  the  conventional  system  and  the  precision  measurement  system 
at  2.25  MHz  fall  in  the  ranges  illustrated  in  figure  31.  A  comparison  of  the 
change  in  attenuation  in  the  family  of  these  specimens  is  shewn  in  figure  32. 
The  ordinate  is  the  ratio  of  the  voltage  difference  at  5  to  1  MHz.  The  scatter 
in  figures  31  and  32  was  mainly  due  to  the  use  of  SAE  30  oil  as  couplant. 
Heavyweight  oil  couplant  is  reliable  for  detecting  cracks.  For  velocity  or 
attenuation  measurement,  however,  one  no  longer  looks  for  the  presnee  or 
absence  of  a  responding  signal,  but  one  must  resolve  and  define  the  waveform 
and  cycles  of  that  signal.  Any  minute  variation  in  coupling  pressure  or 
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SURFACE  WAVE  VELOCITY  -  IN/SEC 


PERCENT  OF  FATIGUE  LIFE 

Figure  32.  Relationship  Between  Surface  Wave  Attenuation  and  Fatigue 

Life  of  1100-0  Aluminum 


thickness  has  a  marked  effect  on  the  waveform.  It  is  necessary  to  use  a 
coupling  medium  to  eliminate  air  from  the  transducer- specimen  interface  with 
compatible  acoustic  impedance  and  yet  to  be  sufficiently  fluid  to  insure 
removal  of  all  air  bubbles.  Furthermore,  any  changes  in  the  couplant  thickness 
affect  both  the  acoustic  pulse  transit  time  and  the  amount  of  energy  transferred 
to  the  specimen.  Late  in  the  present  investigation,  a  coupling  medium  under 
the  trade  name  Aroclor  1260,  manufactured  by  Monsanto  Chemical  Co,  was  found 
more  suitable  than  SAE  30  oil.  Its  use  yielded  more  reproducible  results  on 
attenuation.  The  trend  of  the  curve  shown  in  figure  32  was  confirmed. 

Both  figures  31  and  32  indicate  a  gradual  reversal  of  fatigue  life  to 
surface  wave  velocity  and  fatigue  life  to  attenuation  ratio  trend  at  about 
50-percent  specimen  life.  However,  owing  to  the  wide  scatter  of  the  experi¬ 
mental  data,  it  is  not  certain  whether  there  is  a  perceptible  change  in  velocity 
or  attenuation  between  the  control  specimen  and  the  specimen  which  had  spent 
20  percent  of  its  fatigue  life  based  on  4.0  x  105  cycles. 

The  frequencies  (1  to  5  MHz)  chosen  were  dictated  by  the  availability  of 
suitable  transducers.  The  depth  of  penetration  of  surface  waves  is  about  one 
wavelength,  which  in  the  present  case  is  about  0.05  inch,  much  larger  than  the 
depth  of  the  fatigue- affected  zone  determined  by  metallography.  The  present 
results,  however,  are  somewhat  similar  to  those  observed  by  Herlescu  and 
coworkers  (1967)  on  steel  in  bending  fatigue. 

Several  1/2- inch-diameter,  Y-cut  quartz  crystals  operating  at  50  MHz  were 
purchased.  Use  of  these  crystals  would  reduce  the  surface  layer  to  be 
interrogated  by  surface  waves  to  about  0.003  inch  or  76  pm,  a  value  at  the 
same  order  of  magnitude  as  the  fatigue -affected  depth.  It  would  thus  be 
possible  to  obtain  better  ultrasonic  test  results. 
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SECTION  IX 


CONCLUSIONS  AND  RECOMMENDATIONS 


Exoelectron  emission  of  1100-0  aluminum  during  fatigue  stressing  takes 
place  in  two  stages.  The  initial  stage,  which  occurs  very  early  in  the 
fatigue  process,  appears  to  correlate  with  the  initiation  of  fatigue  damage, 
indicated  by  the  formation  of  a  disturbed  layer.  The  greater  the  fatigue 
stress,  the  longer  and  the  stronger  are  the  initial  emissions.  Metallographic 
examination  of  briefly  fatigued  specimens  reveals  that  this  emission  stage 
coincides  with  the  formation  of  fatigue -affected  surface  zone.  The  final 
emission  stage  coincides  with  the  formation  and  propagation  of  fatigue  cracks 
leading  to  failure.  At  least  at  room  temperature,  light  simulation  is  needed 
for  emission  because  no  emission  above  the  background  level  can  be  observed 
under  complete  darkness.  The  intensity  of  emission  also  increases  when  the 
specimen  is  illuminated  with  ultraviolet  light.  There  is  a  long  period  of 
lack  of  emission  between  the  two  stages  and,  apparently,  no  change  in  the 
depth  of  the  fatigue- affected  zone.  However,  preliminary  test  results  of  the 
ultrasonic  surface  wave  measurements  indicate  that  some  changes  occur  in  this 
intermediate  quiescent  period. 

From  these  observations  the  following  recommendations  are  suggested  for 
future  work: 

1.  Exoelectron  emission  tests  on  1100-0  aluminum  should  be  continued 
covering  a  wider  area  of  enviromental  parameters.  Tests  should  be 
extended  to  other  metals  and  alloys.  Various  stimulations  should 
be  employed  to  aid  emission. 

2.  Evaluation  of  the  response  of  fatigued  1100-0  aluminum  and  other 
materials,  tested  for  exoelectron  emission,  to  ultrasonic  surface 
waves  should  be  conducted  using  transducers  operating  at  high  fre¬ 
quencies  (about  50  MHz).  Tests  should  be  carried  out  both  after  or 
during  fatigue  deformation. 

3.  Metallographic  evaluation  of  fatigued  specimens  should  be  carried 
out  to  correlate  the  results  of  exoelectron  emission  and  ultrasonic 
tests  with  the  fatigue  phenomena. 
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APPENDIX  I 


BIBLIOGRAPHY  RELATING  TO  EXOELECTRON  EMISSION 


Preceding  page  blank 


APPLICATION  OF  THE  METHOD  OF  EXOELECTRON  EMISSION  IN  METAL  SCIENCE 
I.  N.  Bogachev,  R.  I.  Mints,  and  V.  S.  Kortov 
Metal  Science  and  Heat  Treatment,  July-August  1966,  pp  591-594 


MATERIAL 

Fe-Ni  alloy,  Fe-Mn  alloy,  and  lKhl8N8  stainless  steel 


SPECIMEN  PREPARATION 
Cleaning  and  etching 

EXCITING  CONDITION 

Static  pressing  with  a  cone  with  a  90-degree  angle  on  a  5-ton  press 
Dynamic  loading  by  impact  from  a  free-falling  cone  weighing  20  kg  from  a 
height  of  0.5  m 
Microimpact 

Microindentation  using  100  g  load 
Cyclic  stressing 


DETECTION  EQUIPMENT 

BFL  end-window  counter  with  mica  window  having  minimum  thickness  less  than 
1  mg/cm^,  operating  between  2  x  10'^  and  2  x  10'  torr 

Distance  between  specimen  and  nickel  grid,  which  is  placed  0.1  mm  below  the 
counter  =  2.9  mm 

Voltage  between  grid  and  specimen  =  4  kv 

RESULT 

Variation  of  emission  intensity  after  static  or  dynamic  loading  with  time 
exhibits  a  maximum;  time  to  reach  the  peak  intensity  depends  on  the 
specimen  material  tested. 

Dynamic  loading  produces  more  intense  emission  peak  than  static  loading. 

Emission  from  grain  may  differ  from  emission  from  grain  boundary. 

Emission  intensity  of  ferrite  is  greater  than  that  of  austenite  which  in 
turn  is  greater  than  that  of  martensite  or  epsilon  carbide. 

In  cyclic  stressing,  lKhl8N8  steel  emission  intensity  increases  with  number 
of  cycles  and  then  decreases  as  cyclic  stressing  continues.  Shape  of  the 
emission  versus  time  curve  depends  on  magnitude  of  the  stress. 


Preceding  page  blank 
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EXOELECTRON  I C  EMISSION  DURING  Y~  e  TRANSFORMATIONS 
I.  N.  Bogachev,  V.  F.  Yegolayev,  V.  S.  Kortov,  and  R.  I.  Mints 
Physics  of  Metals  and  Metallography,  Vol  23,  1967,  pp  100-104 


MATERIAL 

Fe-Mn  austenite  alloy 
SPECIMEN  PREPARATION 


EXCITING  CONDITION 

Phase  transformation  (  Y  «  ) 

DETECT I ON  EQUIPMENT 

End-window  counter,  operating  at  2  x  10  torr  with  accelerating  voltage  4  kv 

Electron  multiplier 

RESULT 

In  the  metastable  condition,  phase  transformation  of  the  alloy  is  accompanied 
by  electron  emission. 

Emission  intensity  depends  on  the  amount  of  e  phase  and  structural  changes 
(formation  of  structural  imperfections  such  as  increased  probability  of 
stacking  faults,  microdistortions,  and  block  fragmentation)  during  phase 
trans formation. 

Emission  intensity  varies  with  number  of  transformation  cycles,  the  peak 

occurring  after  three  cycles;  subsequent  cycles  of  transformation  stabilize 
the  austenite  and  structural  imperfections,  which  is  accompanied  by  a 
reduction  in  emission. 
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ON  THE  THEORY  OF  CHEMIELECTRON  EMISSION  OF  METALS 
A.  Bohun,  J.  Sak,  and  M.  P^enickova 
Czechoslavakia  Journal  of  Physics,  Vol  15,  1965,  pp  667-677 


MATERIAL 

Li,  Na,  K,  Rb,  and  Cs 

SPECIMEN  PREPARATION 

Vacuum-deposited  metal  layer  having  about  65  cm  reacting  surface  area 

EXCITING  CONDITION 

Reaction  with  halogens  (Cl 2,  Br2,  I 2)  or  oxygen 

DETECTION  EQUIPMENT 

•Lutz-Edelman  electrometer 

RESULT 

The  highest  electron  emission  yield  is  measured  for  the  reaction  of  chlorine 
with  cesium. 

The  yield  decreases  from  cesium  to  lithium  (for  the  same  halogen)  and  from 
chlorine  to  iodine  (for  the  same  alkaline  metal) . 

At  the  beginning  of  the  measurement,  when  the  metal  surface  is  clean,  the 
yields  do  not  depend  on  the  temperature  between  20°  and  -78°  C. 

The  yield  of  the  reaction  of  the  alkaline  metal- oxygen  system  is  at  least 
five  orders  lower  than  that  of  the  reaction  of  chlorine  with  the  corres¬ 
ponding  metal. 
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ELECTRON  EMISSION  FROM  ALUMINUM  AFTER  LOW-TEMPERATURE  DEFORMATION 

R.  N.  Clay tor  and  F.  R.  Brotzen 
Journal  of  Applied  Physics,  Vol  36,  1965,  pp  3549-3555 


MATERIAL 

99.993  percent  A1 

SPECIMEN  PREPARATION 

0.020 -inch-diameter  wire  annealed  for  2  hours  at  550°  C 

EXCITING  CONDITION 

Tensile  loading  at  -140°  C  to  a  strain  7.5  of  12  percent,  then  allowed  to 
warm  up  (0.27°  C/sec)  while  measurement  being  taken 

DETECTION  EQUIPMENT 

Open-window  Geiger-Muller  counter  containing  99  percent  He  and  1  percent 
methane  at  0.5  atmospheric  pressure 

Distance  between  window  and  specimen  =  5  mm 

Potential  between  counter  case  and  specimen  *  45  v 

300 -watt  incandescent  reflector  spotlight  placed  18  inches  from  specimen 

RESULT 

Variation  of  emission  rate  with  temperature  exhibits  a  peak  in  the  general 
temperature  range  (210° -230°  K)  same  as  that  for  the  drop  in  electrical 
resistivity  and  the  release  of  stored  energy,  suggesting  that  point 
defect  migration  plays  an  important  role  in  emission  by  plastic  deforma¬ 
tion.  Migration  energy  of  the  point  defect  involved  in  emission  is  about 
0.44  ev,  which  coincides  closely  with  the  energies  for  annealing  of 
defects  introduced  in  aluminum  by  quenching  from  elevated  temperatures  and 
by  electron  bombardment. 
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ELECTRON  EMISSION  FROM  ALUMINUM  AFTER  QUENCHING 
R.  N.  Claytor,  J.  E.  Gragg,  and  F.  R.  Brotzen 
Journal  of  Applied  Physics,  Vol  37,  1966,  pp  149-152 


MATERIAL 

99.993  percent  A1 

SPECIMEN  PREPARATION 

0. 020 -inch-diameter  wire 

3/4  inch  square  x  0.020  inch  thick 

EXCITING  CONDITION 

Heating  by  alternating  current  the  wire  specimen  to  300° -400°  C  at 
a  pressure  about  100Mm  Hg  in  a  chamber  containing  the  Geiger-Muller 
counter  and  quenching  the  specimen  by  the  counter  gas  to  room  temperature 

Heating  the  plate  specimen  in  a  furnace  to  300° -400°  C  at  a  less  than  50£im  Hg 
pressure  and  quenching  the  specimen  in  ice -brine  solution. 

DETECTION  EQUIPMENT 

Open-window  Geiger-Muller  counter  containing  99  percent  He  and  1  percent 
methane 

RESULT 

Only  little  or  no  emission  is  observed  without  illumination  of  the  specimen. 

Except  for  the  initial  portion,  the  emission  decay  curve  for  the  quenched 
wire  is  almost  identical  to  the  curve  for  the  quenched  plate. 

Emission  occurs  after  quenching  because  of  the  creation  and  diffusion  of 
point  defects  toward  the  surface. 
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PHOTOEMISSION  FROM  METAL  SURFACES  MEASURED  WITH  GEIGER  COUNTERS 

M.  A.  Conrad  and  S.  Levy 
Nature,  Vol  189,  1961,  pp  887-889 


material 

Commercial  purity  A1 ,  Cu,  Ni ,  Sn,  and  Zn 

SPECIMEN  PREPARATION 
1  inch  diameter  x~I74  inch  thickness 

EXCITING  CONDITION 

Abrasion,  filing,  polishing,  or  compression 

A  grating  monochromator  and  an  incandescent  ribbon  lamp  as  the  light  source 
DETECTION  EQUIPMENT 

lVlnisobutLeei8er'a°W  C0Unt6r  containin8  98  • 5  P^cent  He  and  1.5  percent 

Specimen  forming  a  part  of  the  cathode 
Distance  between  anode  and  specimen  =  3/4  inch 

RESULT 

No  detectable  emission  from  abraded  or  deformed  metal  surfaces  in  comnlete 
darkness  suggests  that  the  mechanism  of  the  Russell  effect  canTim-T* 
ex-plained  by  the  action  of  delayed  electrons  detectable  in 

,h- 

metals.  f  h  gh  spectrum;  they  differ  slightly  for  the  different 

X  rstrOTllvidearJi0frmet^S  d°eS  n0t  induce  delayed  ele«ron  emission  but 
rongly  deactivates  the  materials  with  respect  to  photoemission. 
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EXOELECTRON  EMISSION  DURING  OXYGEN  CHEMISORPTION  AT  CLEAN  NICKEL  SURFACES 

T.  A.  Del char 

Journal  of  Applied  Physics,  Vol  38,  1967,  pp  2403-2404 


MATERIAL 

Ni 

SPECIMEN  PREPARATION' 

Evaporated  film  deposited  on  walls  of  a  cell  having  a  very  low  electrical 
capacity  (0.1  fi/x  F) 

EXCITING  CONDITION 

Addition  of  spectroscopically  pure  oxygen  to  10“ 10  torr  vacuum 

DETECTION  EQUIPMENT 

Dc  amplifier  connected  to  the  ionization  gage  grid  in  the  cell 

RESULT 

Each  oxygen  addition  at  77°  K  is  accompanied  by  a  burst  of  electrons  with 
the  yield  about  10" y  electron  per  adsorbed  molecule. 

Number  of  electrons  ejected  at  room  temperature  depends  on  the  time  allowed 
to  elapse  between  oxygen  additions:  higher  yield  at  increased  dose 
interval  because  time  is  required  for  incorporation  of  oxygen  in  the  nickel 
lattice  which  does  not  occur  significantly  at  77°  k. 

Oxygen  chemisorption  causes  electron  emission  from  nickel  surfaces. 
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INVESTIGATION  OF  EXOELECTRONIC  EMISSION  DUE  TO  SLIDING  FRICTION 

V.  D.  Evdokimov 

Soviet  Physics  -  Doklady,  Vol  12,  1968,  pp  732-734 


material 

Steel  25,  steel  45,  cast  iron  SCH-32,  and  aluminum 
SPECIMEN  PREPARATION 

Specimen  in  the  form  of  a  ring  60  x  50  x  15  mm 


EXCITING  CONDITION 

Specimen  subject  to  dry  one -directional  or  reversing  friction  against  a  bar 

velocity  ^  ‘ 

f°r  steel  30(1  cast  iro"  -d  « 


DETECTION  EQUIPMENT 
Open  surface  counter 


RESULT 

Emission  of  electrons  from  the  metal  surface  after  reversing  friction  is 
greater  than  emission  after  one-directional  friction.  The  process  of  rub¬ 
bing  reduces  the  work  of  electron  escape  by  locally  increasing  the  lattice 
energy.  Reversing  friction,  by  increasing  the  surface  of  metal  and  the 
number  of  its  various  defects ,  should  reduce  the  work  function  to  a  greater 
degree  than  does  one-directional  friction.  Hence,  exoemission  after 

Roth  ei"Sln8  ?Ctl0n  ls  more  lntense  than  after  one-directional  friction 

skZ7an  ofCth  CUrV6S-f0r  alrnum  C0nf0™  t0  hyPerbolic  la«  and  show  a 

snarp  tall  of  the  emission  with  time. 

Emission  of  electrons  for  steel  25  also  decreases  with  time. 

“steeplTw^  time!  “  C“t  ir°n  inCreaSSS  initially  ard  latter  leases 

^  t0  3PPear  inCre3Sing  WUh 

Chemisorption  of  oxygen  and  the  influence  of  the  oxide  film  on  the  work 
function  play  a  significant  role  in  shaping  the  decay  curve. 


82 


INVESTIGATION  OF  EXOELECTRON I C  EMISSION  OF  SURFACE 
LAYERS  DURING  SLIDING  FRICTION 
V.  D.  Evdokimov 

Soviet  Physics  -  Doklady,  Vol  13,  1968,  pp  475-477 


MATERIAL 

Steel  25  and  steel  45 

SPECIMEN  PREPARATION 

Flat  specimen  (20  x  20  x  50  mm)  and  annular  specimen  (60  x  50  x  15  mm) 

EXCITING  CONDITION 

Sliding  friction  at  various  normal  loads  but  with  a  constant  sliding  rate 
of  90.5  m/min 

Ultraviolet  light 

DETECTION  EQUIPMENT 

Open -type  transducer 

RESULT 

The  intensity  of  exoelectron  emission  during  sliding  friction  increases 
steadily  with  time,  reaching  a  stabilized  state  in  a  few  minutes. 

The  intensity  increases  with  increase  of  normal  load  at  the  start  of  friction, 
but  later  it  slows  down  and  finally  it  even  diminishes. 

Under  a  steady-state  sliding  condition,  the  least  load  corresponds  to  the 
highest  exoelectron  emission. 

There  is  a  relationship  between  exoelectron  emission  and  microhardness:  the 
higher  the  microhardness,  the  higher  the  intensity  of  emission. 

Variation  of  exoelectron  emission  and  microhardness  with  normal  load  and  time 
is  attributed  to  the  formation  of  structural  defects  in  the  surface  layers 
of  metals  during  friction.  In  the  course  of  plastic  deformation,  the 
generation  of  dislocation  gradually  diminishes  and  steady  state  sets  in. 

Both  working  hardening  and  relaxation  occur  simultaneously  in  this  state. 
Further  increase  in  the  normal  load  raises  the  temperature  of  the  friction 
surface,  thus  intensifying  relaxation  and  reducing  work  hardening  and  the 
density  of  defects  in  the  deformed  lattice,  giving  a  corresponding 
reduction  in  the  level  of  exoelectron  emission  as  well  as  the  microhardness. 
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AUTORAI) I OGRAP1  1Y  OF  FATIGUE  FRACTURE  IN  ALUMINUM 
J.  C.  Grosskreutz 

Journal  of  Applied  Physics,  Vol  33,  1962,  pp  2653-2654 


MATERIAL 
99.99  percent  A1 


SPECIMEN 


PRIiP.AR.AT  I  ON 


EXCITING  CONDITION 

Push-pull  fatigue  loading  at  constant  strain  (±0.002)  for  50,000  cycles 
(approximately  10  percent  of  expected  life) 

DETECTION  EQUIPMENT 

Stripping  emulsion  on  specimen  surface  and  18-hour  exposure  time  in  total 
darkness 

RESULT 

Photographic  image  is  a  faithful  replica  of  the  slip  band  and  crack  structure 
induced  by  fatigue  loading. 
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THE  EMISSION  OF  EXQELECTRONS  FROM  ALUMINUM  DURING  FATIGUE 
J.  C.  Grosskreutz  and  D.  K.  Benson 
NASA  CR-57918 ,  1963 


MATERIAL 

Pure  A1  and  2S  alloy 
SPECIMEN  PREPARATION 
EXCITING  CONDITION 

Constant  stress  fatigue  loading  at  400  cps  and  a  pressure  of  2-5  x  10~^  torr 
in  complete  darkness 

Unidirectional  tensile  straining  at  10-6  to  10-9  torr 

DETECTION  EQUIPMENT 

Snooper -scope  image  converter  tube 

AR.10  stripping  emulsion,  Kodak  SWR  vacuum  ultraviolet  film,  and  Tri-X 
film  placed  over  zinc  sulphide  phosphor 
14-stage  electron  multiplier  having  a  current  gain  about  106 

RESULT 

There  is  no  detectable  image  using  AR.10  stripping  emulsion  and  Kodak  SWR 
film  after  fatiguing  3.5  x  10^  cycles  and  between  10^  and  2  x  10^  cycles, 
respectively;  negative  result  is  also  obtained  from  Tri-X  film  with  zinc 
sulphide  phosphor. 

When  the  electron  multiplier  is  used,  emission  is  observed  5  minutes  after 
start  of  the  fatigue  test;  the  emission  rate  varies  widely  with  increasing 
number  of  cycles  but  tends  to  rise  near  end  of  the  test  (about  4.36  x  105 
cycles  in. 18  minutes)  due  to  formation  of  macrocracks;  failure  of  the 

specimen  occurs  after  8  x  10^  cycles. 

No  emission  from  aluminum  with  oxide  coating  subject  to  unidirectional 

tensile  straining  at  10-6  or  10-9  torr  even  when  the  specimen  is 
illuminated  during  test;  emission  rate  after  10  percent  strain  is  about 
102  electrons/cm2-sec,  a  very  low  figure. 
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UNI ERSIJQ RJNGIiN  ObFR  DIF  EXOELE KTRONEN - Bt 1 SS ION  MECHANISCH  BEANSPRUCHTER  METALLE 

M.  Hempel ,  A.  Kcchendttrfer,  and  A.  Tietze 
Archiv  fflr  das  Eisenhlittenwesen,  Vol  35,  1964,  pp  465-474 


MATERIAL 

99.989  percent  A1  and  0.09  percent  C  steel 
SPli:iMl„\  PRJiPARAT  1  ON 

A1  sPccim°ns:  ”  mm  thick,  annealed  in  air  for  1/2  hour  at  350°  C 

SteeJ  15  ]m  thick’  annealed  in  vacuum  QO’2  torr)  for  1/2  hour 

Llectropol  i. siting  before  test 
iiXCHINC  CON’D  ITT  ON 

lens i lo-tensiie  tatigue  loading  with  lower  stress  at  0.5  kg/mm2 
Static  tensile  loading  to  4  kg/imr  corresponding  at  5.25  percent  strain 
Illuminated  with  imtiltered  incandescent  lamp  at  250,  275,  or  300  ma  with 
wavelengths  longer  than  0.33  pm  but  shorter  than  0.5  ^m 

DETECTION  EQUIPMENT 

1" -stage  electron  multiplier  operating  at  10 ' 4  torr 

Distance  between  specimen  and  multiplier  end  facing  first  dynode  =  2  cm 

RESULT 
For  A1 : 

Imission  intensity  reaches  a  plateau  in  0. 5-5.1  kg/m2  fatigure  loading 
0  to  15  minutes  after  start  of  test  (test  duration  =  35  minutes)  and 
decreases  after  test  but  is  still  way  above  the  background  level  in  1  hour, 
mission  intensity  increases  with  increase  of  fatigue  stress  range  but  the 
intensity  is  more  or  less  independent  of  stress  range  in  the  first 
l.o  x  10  cycles;  no  emission  is  observed  at  a  stress  range  of  2  kg/mm2 
Imission  starts  after  static  loading  to  1.25  percent  strain  with  illumination 

using  ,S  or  .>00  ma,  but  the  ^mission  intensity  at  300  ma  is  much  greater 
than  that  at  275  ma. 

Little  emission  is  observed  in  the  absence  of  illumination  even  at  10  percent 
strain  in  static  loading. 

Imission  in  siatic  loading  starts  at  a  stress  of  2  kg/m2,  increases  rapidly 
until  end  of  the  test  at  4  kg/mm-,  and  decreases  slowly  thereafter. 

Surface  treatment  affects  the  rate  of  emission:  Emission  rate  of  electro- 
poiished  specimen  is  greater  than  the  rate  of  electropolished  and  anodized 
Un  0  1  \  NaOH)  specimen  which  in  turn  is  greater  than  the  rate  of  electro- 

polished  and  heated  (350°  C  in  air  for  1/2  hour  or  500°  C  in  vacuum  for 
1/2  hour)  specimen. 

Imission  intensity  increases  with  increase  of  temperature  (18  to  100°  C) 

For  steel : 

No  emission  intensity  above  the  background  level  is  observed  in  both  fatigue 
test  and  tensile  test  using  illumination  with  wavelengths  longer  than 
0.35  *im,  regardless  of  different  heat  treatments. 


86 


EXOELECTRON IC  EMISSION  AS  A  METHOD  OF  STUDYING  THE  DEFORMED  SURFACE 

OF  METALS 

V.  S.  Kortov  and  R.  I.  Mints 

Physics  of  Metals  and  Metallography,  Vol  19,  1965,  pp  72-76 


MATERIAL 

Al,  lKhl8N8  steel,  and  bronze 

SPECIMEN  PREPARATION 

Cleaning  and  etching 

EXCITING  CONDITION 

Abrading  Al  surface  with  emery  paper 

Hydraulic  shock  for  40  minutes  on  steel 

Diamond  pyramid  (200  g  load)  indentation  on  bronze 

DETECTION  EQUIPMENT 

BFL  end-window  counter  with  mica  window  having  minimum  thickness  not  less  than 
1  mg/ cm2,  operating  between  2  x  10"3  and  2  x  10" 5  torr 

Distance  between  specimen  and  Ni  grid,  which  is  placed  0.1  mm  below  the 
counter,  =  2.9  mm 

Voltage  between  grid  and  specimen  =  4  kv 

RESULT 

Emission  intensity  of  Al  increases  with  increase  of  accelerating  voltage 
between  grid  and  specimen. 

Emission  curve  for  lKhl8N8  steel  exhibits  a  maximum,  but  no  such  peak  is 
observed  in  the  curve  for  bronze. 

Emission  intensity  of  ferrite  is  greater  than  the  intensity  of  austenite 
which  in  turn  is  greater  than  that  of  martensite. 
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ELECTRON  EMISSION  DURING  METAL  FATIGUE 
R.  S.  Krogstad  and  R.  W.  Moss 

Proceedings  of  the  Symposium  on  Physics  and  Nondestructive  Testing 
September  28-30,  1965,  Dayton,  Ohio,  pp  9-21 


MATERIAL 

Al,  Au,  Fe,  Ni ,  and  Ti 

SPECIMEN  PREPARATION 

Electropolish 

EXCITING  CONDITION 

Torsional  fatigue 

DETECTION  EQUIPMENT 

Phosphor  film  deposited  on  transparent  stannous  oxide  conducting  film,  which 
is  lined  over  the  inner  surface  of  a  glass  cylinder  containing  the  specimen 

13 -stage  photomultiplier 

RESULT 

Except  for  Al,  emission  from  other  metals  tested  starts  after  a  few  hundred 
cycles,  followed  by  a  series  of  emission  events. 

Frequency  with  which  the  emission  events  occur  increases  to  a  maximum  (at 
about  one-third  of  fatigue  life)  and  then  decreases  slowly  until  specimen 
fails. 

Duration  of  an  emission  event  (less  than  5  x  10"6  sec)  is  several  orders  of 
magnitude  too  short  to  ascribe  to  chemisorption. 

The  observed  emission  from  gold  which  has  no  stable  oxide  coating  is 
incompatible  with  the  concept  of  emission  by  thermal  dissociation  of 
deformation- induced  electron  levels. 

Since  a  large  number  of  electrons  (about  104)  are  involved  in  emission,  it  is 
difficult  to  assume  vacancy  annihilation  as  the  mechanism  of  electron 
ejection  from  metal  surface. 

Tentative  mechanism  of  emission:  Energy  associated  with  the  stress  fields 
around  dislocations  in  the  slip  process.  Emission  occurs  if  this  energy 
exceeds  work  function,  and  it  is  also  transferred  to  an  electron. 

Based  on  this  mechanism,  calculation  shows  that  there  is  no  emission  from  Al. 
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EXOEMISSION  FROM  GROUND  SURFACES  OF  GERMANIUM  AND  SILICON 
V.  I.  Kryuk,  R.  I.  Mints,  and  V.  S.  Kortov 
Soviet  Physics  -  Solid  State,  Vol  8,  1966,  pp  1295-1296 


MATERIAL 

Single- crystal  Ge,  single-crystal  Si,  and  polycrystalline  Si 

SPECIMEN  PREPARATION 

Area  of  etched  specimen  =  3.5  cm^ 

EXCITING  CONDITION 

Grinding  with  emery  cloth  for  1  minute 

Soft  ultraviolet  light  which  does  not  cause  photoelectric  emission 

DETECTION  EQUIPMENT 

Electron  multiplier  operating  at  10" 5  torr  and  3.2  kv 

RESULTS 

No  emission  is  observed  from  undeformed  metal  surfaces. 

Emission  intensity  varies  with  accelerating  voltage  and  wavelength  of  the 
illumination,  but  nature  of  the  decay  curve  remains  practically  the  same. 

Ge  shows  more  intense  and  more  rapid  emission  decay  than  Si. 

Kinetic  characteristics  of  emission  are  closely  associated  with  the  diffusion 
of  vacancies  to  the  surface;  the  lower  mobility  of  vacancies  in  Si  is 
indicated  by  the  activation  energy  Q  for  self -diffusion  in  Si  and  Ge, 
which  proceeds  by  a  vacancy  mechanism  (Q  =  86-100  kcal/mol  and  54  kcal/mol 
for  Si  and  Ge,  respectively). 
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EFFECT  OF  TEMPERATURE  ON  THE  EMISSION  OF  ELECTRONS  FROM 
ABRADED  SURFACES  OF  BERYLLIUM,  CALCIUM,  ALUMINUM, 

AND  MAGNESIUM 
T.  C.  Ku  and  W.  T.  Pimbley 

Journal  of  Applied  Physics,  Vol  32,  1961,  pp  124-125 


MATERIAL 

A1 ,  Be ,  Ca ,  and  Mg 
SPEC IMEN  PREPARAT I ON 


EXCITING  CONDITION 

Abrading  and  then  placed  in  counter 

Abrading,  placed  in  counter  to  start  counting,  and  then  withdrawing  from 
counter  to  store  in  liquid  nitrogen  for  2,260  seconds  before  placing  back 
into  counter 

Abrading,  placed  in  counter  to  start  counting,  and  then  withdrawing  from 
counter  to  store  at  550°  C  for  120  seconds  before  placing  back  into 
counter 

White  light  or  zirconium  arc  lamp  as  the  light  source 

DETECTION  EQUIPMENT 

Open-window  Geiger-Muller  counter  containing  98.7  percent  He  and  1.3  percent 
butane 

Specimen  at  a  negative  potential  of  50  v  with  respect  to  the  grid  at  aperture 
of  the  counter 

RESULT 

Under  identical  experimental  conditions,  the  rate  of  emission  from  Be  is 
approximately  one-third  the  rate  from  Al,  and  the  rate  of  emission  from 
Ca  is  about  twice  that  from  Al . 

There  is  no  measurable  emission  when  the  light  is  shut  off. 

Emission  rate  decreases  or  increases  respectively  with  decrease  or  increase 
of  temperature. 

limission  is  thought  to  be  influenced  by  diffusion  of  vacancy  so  that  the 
condition  of  emission  is  that  the  sum  of  potential  energy  released  by 
vacancy  and  photon  energy  is  equal  to  or  greater  than  photoelectric  work 
function. 
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EXOELECTRON  EMISSION  DUE  TO  ULTRASONIC  IRRADIATION 
J.  A.  M.  Langenecker  and  D.  B.  Ray 
Journal  of  Applied  Physics,  Vol  35,  1964,  pp  2586-2588 


MATERIAL 

99.999  percent  Al,  2024  and  6061  A1  alloys 
SPECIMEN  PREPARATION 

12  mm  diameter  specimen  annealed  for  4  hours  at  450°  C  and  oven-cooled  under 
inert  atmosphere  (96  percent  N  and  4  percent  H) 

Standard  cleaning,  no  effort  to  restrict  oxide  formation 

EXCITING  CONDITION 

Filing,  abrading  with  steel  brush  (2  seconds)  or  carborundum  paper 
Ultrasonic  irradiation  using  tr  isducer  with  intensity  0-100  W/cm2  and 
frequency  20  KHz 

DETECTION  EQUIPMENT 

Windowless  flow  counter  containing  98.5  percent  He,  1  percent  isobutane  and 
0.5  percent  butadiene 


RESULT 

Abrading  with  steel  brush  yields  good  reproducibility 
Ultrasound  causes  increase  in  emission  rate  for  6061  Al  alloy;  the  higher 
the  ultrasound  intensity  (20-45  W/cm2),  the  higher  is  the  emission  rate 
Without  light  stimulation,  emission  from  pure  Al  is  at  the  background  level; 
a  very  small  increase  of  emission  is  observed  during  the  application  of 
ultrasound  (intensity  not  greater  than  45  W/cm2) .  2024  Al  alloy  shows 

no  emission  intensity  above  the  background  level. 

6061  Al  alloy  has  to  be  heated  to  320°  K  to  produce  the  same  emission 
intensity  as  produced  at  297°  K  with  the  application  of  ultrasound  of 
45  W/cm2  intensity. 


EFFECT  OF  TEMPERATURE  AND  AIR  HUMIDITY  ON  THE  PHOTOSTIMULATED 
EXOELECTRON  EMISSION  FROM  OXIDE  FILMS  ON  ALUMINUM 

T.  Lewowski 

Journal  of  Applied  Physics,  Vol  33,  1962,  pp  2393-2394 


MATERIAL 
A1  . . 

SPECIMEN'  PREPARAT I  ON 


EXCITING  CONDITION 
Abrading 

(6  v,  20  w)  tungsten  bulb 
DETECTION  EQUIPMENT 

Open  Geiger  counter  operating  at  atmospheric  pressure 
Both  counter  and  specimen  in  a  clcsed  chamber 

RESULT 

Emission  intensity  is  maximum  while  the  temperature  of  the  abraded  specimen 
is  increased  to  about  400°  C. 

If  the  specimen  at  400°  C  falls  rapidly  to  room  temperature,  the  emission 

intensity  decreases,  passes  through  a  minimum,  afterwards  a  maximum,  and 
decays  again. 

The  rate  of  this  decay  varies  with  air  humidity;  it  is  much  faster  in  the 
moist  than  in  the  dry  atmosphere. 

Emission  is  associated  with  the  presence  of  an  oxide  layer.  Because  of  the  very 
higroscopic  properties  of  alumina,  the  electrical  character  of  the  oxide 
layer  might  be  changed  with  the  humidity  of  air. 


92 


DIE  ELEKTRONENEMI SSION  BEARBEITETER  METALLOBERFLXCHEN 

J.  Lohff 

Die  Naturwissenschaften,  Vol  44,  1957,  pp  228 


MATERIAL 

A1 

SPECIMEN  PREPARATION 


EXCITING  CONDITION 

Abrading  with  steel  brush  at  5  x  10" 4  torr  oxygen  pressure 

DETECTION  EQUIPMENT 

Electron  multiplier 

RESULT 

When  the  system  is  suddenly  evacuated  after  the  emission  decay  proceeds  for 
a  period,  the  emission  drops  rapidly.  Later  when  the  original  oxygen 
pressure  is  restored,  the  emission  rises  to  a  level  substantially  lower 
than  the  level  at  the  time  of  evacuation. 

The  processes,  such  as  changes  of  defect  structure  in  the  oxide  layer  and  the 
metal,  taking  place  in  the  specimen  during  evacuation  are  thought  to  affect 
the  subsequent  emission  rate. 


DIE  ELEKTRONENEMI SS I ON  BE I  DER  OXYDATION  MECHANISCH 
BEARBEITETER  METALLOBERFLACHEN 
J.  Lohff 

Zeitschrift  fiir  Physik,  Vol  146,  1956,  pp  436-446 


MATERIAL 

Ag,  Al,  Au,  Be,  Cu,  Fe,  Mg,  Pb,  Pt,  and  Zn 
SPECIMEN  PREPARATION 


EXCITING  CONDITION 

Abrading  with  steel  brush  at  22°  C  in  oxygen  pressure  of  1  x  10-4  to  7  x  10 
torr 

DETECTION  EQUIPMENT 

Electron  multiplier 

RESULT 

In  the  case  of  abraded  Al,  emission  intensity  at  oxygen  pressure  of  lO-4  torr 
is  much  greater  than  that  at  oxygen  pressure  of  7  x  10"^  torr. 

Emission  current  from  abraded  Be,  Mg,  Pb,  and  Zn  also  depends  on  oxygen 
pressure . 

Less  than  2  electrons/cm  -sec  emit  from  Ag,  Au,  Cu,  Fe,  and  Pt  at  10’5  and 
5  x  10 "4  torr  10  seconds  after  abrading. 

In  the  case  of  abraded  Zn,  the  emission  reaches  a  maximum  at  various 

pressures  before  decay  sets  in;  the  higher  the  oxygen  pressure,  the  higher 
is  the  emission  peak  and  the  shorter  is  the  time  to  reach  that  peak. 

Emission  intensity  of  Zn  at  22°  C  is  greater  than  that  at  100°  C  at  various 
pressures;  the  same  trend  is  noted  for  Al  and  Pb. 
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DIE  ELEKTRONENEMISSION  BE1  DER  PLASTISCHEN  VERFORMUNG 

VON  ZINKKRISTALLEN 
J.  Lohff 

Zeitschrift  fur  Physik,  Vol  145,  1956,  pp  504-507 


MATERIAL 

99.9  percent  Zn 

SPECIMEN  PREPARATION 

3-3.5  mm  diameter  single  crystal 

EXCITING  CONDITION  .... 

Tensile  loading  to  maximum  elongation  50  percent  of  original  length  at 
2  x  10-5  torr  or  at  oxygen  pressure  10 “4  torr 

DETECTION  EQUIPMENT 

Electron  multiplier 

RESULTS 

Emission  rate  at  2  ‘x  10' 5  torr  increases  with  increase  of  strain;  under 
steady  straining,  emission  rate  increases  and  then  decreases  with  time. 

There  is  practically  no  difference  in  emission  for  a  given  amount  of 

straining  (0.5  percent)  at  2  x  10" 5  torr  or  oxygen  pressure  10-4  torr, 
suggesting  that  emission  by  tensile  straining  is  independent  of  oxygen. 
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DIE  ENERG I EVERTE I  LUNG  DER  ELEKTRONENEMISSION  MECHANISCH 
BEARBEITETER  METALLOBERFlXCHEN 
J.  Lohff 

Zeitschift  ftlr  Naturforschung,  Vol  12a,  1957,  pp  267-268 


MATERIAL 

A1 ,  Li ,  Mg ,  and  Zn 

SPECIMEN’  PREPARATION 

Specimen  surface  area  =  0.4  cm2 

EXCITING  CONDITION 

Abrading  with  steel  brush  at  1-5  x  10  ^  torr  oxygen  pressure  or  5-7  x  10 
torr  residual  gas  pressure 

DETECTION  EQUIPMENT 

Electron  multiplier 

RESULT 

The  average  energy  of  exoelelectron  emission  is  determined  by  the  number  of 
electrons  per  second  versus  grid  potential  curve.  The  average  energy  of 
emission  for  A1  and  Zn  is  independent  of  oxygen  pressure  and  is  0.20  and 
0.15  ev,  respectively. 

The  average  energy  of  emission  for  Li  and  Mg  is  slightly  dependent  upon 
pressure,  but  the  value  is  in  the  neighborhood  of  0.2  ev. 
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A  POSSIBLE  ORIGIN  OF  EXOELECTRON  EMISSION  IN  PLASTICALLY  DEFORMED  METALS 

A.  H.  Meleka  and  W.  Barr 
Nature,  Vol  187,  1960,  pp  232-233 


MATERIAL 
High  purity  Zn 

SPECIMEN  PREPARATION 
Single  crystal  rod 

Electropolished  and  thoroughly  cleaned 

EXCITING  CONDITION 
Static  tensile  straining 

DETECTION  EQUIPMENT 

Kodak  AR  10  stripping  emulsion 

Exposure  time  =  1  hour  if  commencing  exposure  within  a  few  minutes  of 
straining 

RESULT 

Black  lines  on  emulsion  correspond  exactly  to  slip  lines  on  the  crystal 
surface. 

Rows  of  individual  spots  resemble  dislocation  etch  pits  along  slip  lines. 
It  is  suggested  that  the  centers  of  emission  are  the  points  where  dis¬ 
locations  terminate  at  the  surface  of  the  crystal. 
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THE  TIME  REQUIRED  TO  REACH  MAXIMUM  ELECTRON  EMISSION  FROM  DEFORMED  METALS 

R .  I .  Mints  and  V .  S .  Kortov 

Russian  Metallurgy  and  Fuels  (Mining).,  No.  2,  1967,  pp  90-96 


MATERIAL 

High  purity  (99.93  percent)  A1 ,  Au,  and  Cu;  Fe-Ni  alloy;  Fe-Mn  alloy;  and 
lKhlSNS  stainless  steel 

STM  C I  MEN  PREPARATION 

Annealing,  grinding,  and  electropolishing 

EXCITING  CONDITION 

Grinding 

Local  static  loading  with  a  diamond  pyramid  using  100  g  load 

Micro  impact  loading 

Cyclic  loading 

DETECTION  EQU IPMENT 

Electron  multiplier 

RESULT  _5  _4 

Admission  of  air  into  the  apparatus  changes  pressure  from  2  x  10  to  2  x  10 
torr,  but  emission  current  from  ground  Au  and  lKhl8N8  steel  is  affected 
very  little. 

When  air  is  admitted  into  the  apparatus  containing  ground  A1  or  Cu,  a  jump  in 
emission  current  is  noted,  the  effect  on  A1  being  more  oronounced. 

Emission  from  ground  metal  surface  is  therefore  not  entire  y  due  to  oxidation. 

Admission  of  air  during  emission  decay  from  locally  indented  A1  surface  has 
no  effect  on  fall  of  emission,  indicating  that  emission  depends  on  size  of 
the  deformed  area.  This  is  also  true  of  surfaces  deformed  by  microimpact 
loading. 

For  equal  amount  of  microimpact  deformation,  the  time  to  reach  peak  emission 
for  Fe-Mn  alloy  is  longer  than  that  for  Fe-Ni  alloy  because  high  defect 
mobility  in  the  latter  leads  to  a  shorter  rise  time. 

Emission  current  depends  on  mobility  of  vacancy;  vacancy  mobility  for  A1  is 
greater  than  that  for  Au,  so  the  time  reaching  peak  emission  for  micro- 
impacted  A1  surface  is  shorter  than  that  for  the  similarly  deformed  Au 
surface . 

Increase  of  amount  of  microimpact  deformation  generally  increases  the  time 
reaching  peak  emission  because  increasing  degree  of  hardening  of  surface 
decreases  defect  mobility. 

During  cyclic  loading,  A1  emission  intensity  increases  with  number  of  cycles 
until  microcracks  develop.  At  the  moment  of  microcrack  formation,  vacan¬ 
cies  on  the  surface  flow  into  the  submicrocracks,  leading  to  a  decrease 
in  electron  emission.  Further  deformation  produces  fatigue  cracks  with 
a  sharp  increase  in  the  number  of  vacancies,  which  are  not  dissipated,  so 
there  is  an  increase  in  electron  emission  directly  prior  to  fracture. 
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EXOELECTRON IC  EMISSION  FROM  AUSTENITIC  STEELS 
UNDER  ALTERNATING  CYCLES  OF  STRESS 
R.  I.  Mints,  V.  S.  Kortov,  V.  L.  Aleksandrov  and  V.  I.  Kryuk 
Physics  of  Metals  and  Metallography,  Vol  26,  1968,  pp  681-687 


MATERIAL 

Austenitic  steels  30Khl0G10,  68Kh7N7,  lKhl8AG10,  and  lKhl8N8 

SPECIMEN  PREPARATION 

Specimen  dimensions:  2  x  5  x  100  mm 

Electropolishing  in  sulphophospho chromic  bath 

EXCITING  CONDITION 

Symmetrical  bending  fatigue  at  a  frequency  of  50  cycles/sec 

DETECTION  EQUIPMENT 

Cu-Be  electron  multiplier  operating  at  2  x  10 "5  torr 

Accelerating  potential  on  specimen  =  -300  v 

RESULT 

The  emission  intensity  rises  with  increasing  number  of  cycles,  the  biggest 
change  in  intensity  occurring  before  the  elapse  of  1(P  cycles.  Afterwards, 
the  emission  current  grows  more  slowly.  There  is  a  tendency  to  saturation 
or  even  reduction  at  large  number  of  cycles. 

The  kinetics  of  exoelectron  emission  is  largely  controlled  by  the  applied 
stress  level.  The  emission  rate  increases  rapidly  and  its  maximum  level 
rises  as  the  stress  increases. 

The  shape  of  emission  curve  is  explained  on  the  basis  of  the  hypothesis  that 
its  intensity  is  controlled  by  the  number  of  defects  contained  in  the  sur¬ 
face  layer  of  metal  and  its  kinetics  by  their  mobility. 

Under  the  same  conditions  of  stress,  alloys  30Khl0G10  and  68Kh7N7,  which 
undergo  the  greatest  strengthening  by  fatigue  deformation,  have  less 
emission  than  alloys  lKhl8N8  and  lKhl8AG10.  The  considerable  strengthening 
of  the  former,  which  is  due  to  phase  and  structure  transformations,  has  the 
effect  of  pinning  the  defects  generated,  restricting  the  total  number  of 
active  emission  centers  at  the  surface,  and  reducing  their  size. 

There  is  an  interrelation  between  the  dissipation  of  mechanical  energy  and 
exoelectron  emission.  The  internal  friction  of  35KhGF  steel  in  temper- 
enibrittled  state  is  higher  than  in  ductile  state,  and  the  emission  inten¬ 
sity  in  fatigue  process  for  the  temper -embrittled  state  is  correspondingly 
lower. 

Exoelectron  emission  can  be  regarded  as  an  electrical  effect  which  is  the 
result  of  the  storing  of  deformation  energy.  Large  dissipation  of  energy, 
indicated  by  internal  friction  measurement,  reduces  the  fraction  of  stored 
energy  and  lowers  the  intensity  of  emission. 
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EXOELECTRON  EMISSION  FROM  A  MECHANICALLY  TREATED  SILICON  SURFACE 
R.  I.  Mints,  V.  S.  Kortov,  V.  I.  Kryuk,  A.  I.  Tatarenkov,  and  I.  A.  Petrushkova 
Soviet  Physics  -  Semiconductors,  Vol  1,  1968,  pp  1535-1537 


MATERIAL 

n-type  and  p-type  Si  single  crystals 
SPECIMEN  PREPARATION 

30  mm  diameter  x  0.3  mm  thickness  cut  along  (111)  plane 
Washing  specimen  in  acetone  and  alcohol  after  grinding 

Exposing  ground  and  washed  specimens  in  air  at  room  temperature  for  1  month 
EXCITING  CONDITION 

Grinding  with  green  SiC  powder  or  white  electrocorundum  which  was  elutriated 
in  distilled  water 

Grinding  with  the  same  abrasive  powders  as  above  and  additionally  treating 
the  specimens  with  SAM3  and  SAMI  powders  deposited  on  a  cloth 
Electric  current  pluse  (150  v  for  100  sec)  as  the  stimulating  agent 
Negative  potential  at  the  specimen  surface 

DETECTION  EQUIPMENT 

Electron  multiplier  at  2  x  10" 5  torr 

Accelerating  potential  at  the  grid  above  the  specimen  =  250  v 
RESULT 

No  emission  occurs  at  room  temperature  or  250°  C  if  no  current  passes 
through  the  specimen. 

With  excitation  by  current  pulse,  emission  from  the  surface  of  p-type  Si 
is  roughly  two  orders  of  magnitude  weaker  than  emission  from  n-type  Si 
at  room  temperature. 

All  the  n-type  Si  specimens  after  decay  of  emission  exhibit  exoemission 
peaks  when  the  temperature  is  increased;  the  nature  of  the  exoemission 
depends  on  the  method  of  surface  treatment  with  various  abrasive  powders. 
Emission  is  observed  if  a  specimen  is  excited  with  a  current  pulse  before 
it  is  heated  again. 

However,  the  thermally  stimulated  emission  after  the  passage  of  a  current 
pulse  is  not  observed  when  the  direction  of  the  exciting  current  is 
reversed  in  the  case  of  n-type  Si,  for  any  polarity  of  the  exciting, 
voltage  in  p-type  Si,  and  in  specimens  in  which  the  surface  layer  dis 
turbed  by  grinding  with  abrasive  powders  is  removed  by  etching. 
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EXOEMISSION  FROM  ABRADED  AND  ETCHED  ALUMINUM 
R.  K.  Mueller  and  K.  Pontinen 
Journal  of  Applied  Physics,  Vol  35,  1964,  pp  1500-1502 


MATERIAL 

99.4  percent  A1  and  2024  A1  alloy 

SPECIMEN  PREPARATION 

Annealing 

Etched  for  several  minutes  in  1  percent  HF  and  carefully  washed  and  dried 

EXCITING  CONDITION 

Abrading  with  No.  600  emery  paper 

Successive  removal  of  surface  layers  by  etching  with  1/2  or  1  percent  HF 

Illumination  with  a  fluorescent  lamp 

DETECTION  EQUIPMENT 

Geiger-Muller  counter  containing  93  percent  argon  and  7  percent  ethyl  alcohol, 
operating  at  100  torr  and  850  v 

Specimen  at  -6  v  with  respect  to  the  grounded  tube  cathode 

RESULT 

Both  A1  and  2024  alloy  yield  similar  result,  suggesting  that  impurities  have 
no  effect  on  emission. 

A  1 -second  etch  in  1  percent  HF  is  sufficient  to  recover  90  percent  of 
original  emission  activity. 

Compared  with  a  freshly  abraded  specimen,  an  abraded  specimen  oxidized  in 
air  for  6  days  exhibits  a  wider  maximum  of  recovered  activity,  probably 
due  to  the  added  etching  time  necessary  to  break  up  and  remove  the  oxide 
layer. 

Pattern  of  emission  decay  with  total  time  of  etch  for  a  freshly  abraded 
specimen  is  similar  to  that  for  an  abraded  specimen  after  it  is  stored 
8  days  in  the  counter  gas  mixture. 

Emission  from  a  freshly  abraded  specimen  and  an  abraded  specimen  stored  in 
air  for  several  days  and  then  etched  for  4  seconds  in  1  percent  HF  decays 
with  the  same  time  constant. 

Since  aging  does  not  affect  significantly  decay,  it  is  unlikely  that  the 
transport  of  imperfections  to  the  active  surface  is  of  importance  for 
emission. 
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EFFECTS  OF  TEMPERATURE  ON  THE  EXOEMISSION  OF  ELECTRONS 
FROM  ABRADED  ALUMINUM  SURFACES 
W.  T.  Pimbley  and  E.  E.  Francis 
Journal  of  Applied  Physics,  Vol  32,  1961,  pp  1729-1733 


MATERIAL 

99.999  percent  A1 

SPECIMEN  PREPARATION 
26  gage  thick 

Standard  cleaning  technique  without  effort  to  restrict  oxide  formation 
EXCITING  condition 

Abrasion  by  four  To  five  passes  using  400  or  600  grade  SiC  paper 
Zirconium  arc  source  for  illumination  at^low  excitation  or  at  lower  tempera 
ture  (temperature  range  =  9.9  to  44.4°  C) 

DETECTION  EQUIPMENT  ..  ,  ,  „ 

Wind low less ,  open-end  Geiger  counter  containing  98.7  percent  He  and  1.6 

percent  butane 

Specimen  at  a  negative  potential  of  50  v 


So  count  above  the  background  count  can  be  obtained  from  the  abraded  paper 
itself  nor  from  the  freshly  clean,  unabraded  specimen. 

The  emission  decay  curve  is  composed  of  two  exponential  decays  according  o 
the  expression  I  -  A  exp  (-^t)  ♦  B  exp  (-k2t)  where  I  is  the  emission 
intensity,  t  is  the  time,  kj.  and  k2  are  decay  constants,  and  A  and  B  are 

temperature -dependent  constants.  ,  F  /trn 

The  decay  constant  is  related  to  the  temperature  according  to  k  -  F-expC  t/KIJ 
where  F. ,  R,  T,  and  F  are  the  activation  energy,  the  universal  g«s  constant, 
the  absolute  temperature,  and  constant,  respectively.  Both  the  first  and 
second  decav  constants  have  the  same  activation  energy  (about  5.6  kcal/mol) . 
Vacancies  are  created  by  abrasion;  emission  depends  on  diffusion  of  vacancies 
in  metal;  emission  intensity  increases  with  increase  of  temperature  because 
of  increasing  diffusion  constant. 
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EXOELECTRON  EMISSION  FROM  ABRADED  METAL  SURFACES 
AT  HIGH  AND  ULTRAHIGH  VACUUMS 
J.  A.  Ramsey 

Journal  of  Applied  Physics,  Vol  37,  1966,  pp  452-453 


MATERIAL 

Spectroscopically  pure  A1  and  pure  Zn 

SPEC IMEN  PREPARATION 

EXCITING  CONDITION 

Abrading  with  stainless  steel  brush  in  vacuo  (10~6  to  10’9  torr)  for 
2-3  seconds 

Lamp 

DETECTION  EQUIPMENT 

Be-Cu  particle  multiplier  and  electrometer 

RESULT 

There  is  a  slight  decrease  in  the  intensity  of  peak  emission  at  lower 
pressure  (0.7  -  50  x  10-6  torr);  maximum  emission  current  =  10"15  amp. 

No  emission  is  detected  at  10 "8  torr;  subsequent  increase  of  electrometer 
sensitivity  and  switching  on  and  off  of  illumination  yield  a  current 
about  2.5  x  10'18  amp. 

At  2.7  x  10"9  torr,  emission  current  is  about  0.3  to  0.5  x  lO-18  amp. 

Time  reaching  the  emission  peak  is  103  to  104  x  10" 18  times  greater  than  the 
time  required  to  form  a  monolayer  on  clean  metal  surface  in  the  case  of 
Zn  and  is  10  to  100  times  greater  in  the  case  of  Al. 
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Ilfl:  {-MISSION  OF  ELECTRONS  FROM  ALUMINUM  ABRADED  IN  ATMOSPHERES 
OF  AIR,  OXYGEN,  NITROGEN,  AND  WATER  VAPOR 
J.  A.  Ramsey 

Surface  Science,  Vol  8,  1967,  pp  313-322 


MATERIAL 
lYire  A1 

SPECIMEN  PREPARATION 


EXCITING  CONDITION  . 

Abrading  with  stainless  steel  brush  in  air,  spectroscopically  pure  oxygen, 
spectroscopically  pure  nitrogen,  and  water  vapor  bled  at  pressure  from 
10”^  to  10” 8  torr  into  a  bakeable  glass  ultrahigh  vacuum  system. 
Illumination  wavelength  longer  than  3450  A. 


DETECTION  EQUIPMENT 

Be-Cu  particle  multiplier  and  electrometer 
Phillip  56002  omegatron  for  gas  analysis 


RESULT 

{mission  is  negligible  below  10  torr. 

Exposure  to  air  pressure  1<T 5  to  lO'3  torr:  tin  (incubation  time)  increases 
with  decrease  of  pressure,  tm  (time  to  peak  emission)  increases  with 
decrease  of  pressure,  and  im  (emission  current  peak)  decreases  with 


decrease  of  pressure.  ...... 

Exposure  to  oxygen  pressure  10”4  to  10”8  torr:  Change  of  tin  is  similar 
to  that  for  the  exposure  to  air;  change  of  tm  is  about  one- fourth  of 
that  for  the  exposure  to  air;  im  is  comparatively  independent  of  pressure 


and  is  lower  than  im  in  air.  ,  . 

Ijcoosure  to  nitrogen  pressure  10'5  to  10'3  torr:  Changes  of  tin  and  tm  are 
'  longer  than  those  for  exposure  to  air  and  oxygen;  im  is  comparable  with  1 


for  exposure  in  oxygen.  ... 

Exposure  to  water  vapor  10'5  to  lO’3  torr:  The  initial  stage  of  emission 
current  vs  time  curve  at  4  x  1(T»  and  3  x  HT?  torr  is  comparable  respec¬ 
tively  to  the  initial  stage  of  the  same  curve  at  10  and  10  torr  in 


Time"t  onset  of  emission  decay  in  water  vapor  becomes  shorter  when  oxygen 
is  admitted  to  the  apparatus;  the  higher  the  pressure  of  admitted  oxygen, 
the  shorter  is  the  time  at  onset  of  emission  decay. 

Initial  growth  stage  of  emission  is  thus  due  to  the  adsorption  of  water 
vapor;  the  subsequent  decay  is  associated  with  the  establishment  of  an 

oxide  film. 


SENSITIZED  PHOTOELECTRIC  EMISSION  DURING  OXIDATION  OF  ALUMINUM 
p  • . •  .  T  A'  RamseX  and  G.  F.  J.  Garlick 

tish  Journal  of  Applied  Physics,  Vol  15,  1964,  pp  1353-1360 


material 

Pure  AI  and  pure  Zn 

SPECIMEN  PREPARATION 
1  cm  diameter 
Degreasing  before  test 


EXCITING  CONDITION 

Abri0-Sgt:^d1r1r:  Steel  brUSh  at  °ne  atTOSphere  and  0.28  x  10'3  to 
1U  torr  and  at  a  temperature  range  from  195°  to  500°  K 

isible  ultraviolet  light  (wavelength  =  3000-4000  X) 

DETECTION  EQUIPMENT 
Ag-Mg  electron  multiplier 

RESULT 
For  Al: 

Abri0-5nta‘  y°™  ’ fd  bel»  ar*d  emission  at  0.28  x  10‘3  and 
torr.  At  195  K  and  below,  the  emission  rises  rapidly  after 

abrasion  but  quickly  reaches  a  peak  which  is  followed  by  a  rapid  decay 

the  maximum  emission  is  always  much  smaller  than  that  at  rooi/temperature 

19S-  k  ifvo^littleT  aCtivation  barrier;  rate  of  emission  at 

^  little  dependent  on  pressure  between  10 "3  and  10 "5  to-r-r 
Abrasion  between  343°  and  473°  K  at  0.28  x  10-3  ^-5^ 

pressures  SecarisV15®  °f  emiSSi°n  iS  Pr0l°nged  specially  at  low 
p  sures.  Decay  is  more  prominent  as  the  pressure  is  increased-  at 

pressureedepeerndent!’  iS  "Uch  Sl°Wer  but  is  "ly 

For  Zn: 

The  pattern  of  behavior  is  similar  to  that  of  Al,  but  the  effects 

te^preraturetfoCr1n?leVated  temperatUres  in  A1  “Served  at  room 

A  Putative  mode  suggests  that  oxygen  vacancies  of  intenstitial  metal  atoms 

^ermflevel  of1?he",mIflOXfde  la>;er  provide  electron  levels  above  the 

of  the  metal,  from  which  they  are  ejected  by  photon  absorption 
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r.LEikTRONENNACI {EMISSION  UNO  PHOTOEMISSION  VON  ALUMINIUMOBERFLXCHEN 

A.  Scharmann  and  G.  Seibert 
Zeitschrift  fur  Physik,  Vol  183,  1965,  pp  249-364 


MATERIAL 

A1 

SPECIMEN  PREPARATION 


HXCITING  CONDITION 

Mi  1 1  ing 

5  x  10^Sr-90  /3  particles 

X-ray  (1(T5  R,  29  kv) 

Electron  bombardment  (10^  electrons  with  3.5  to  4  kev/5  mm^) 

'lircury  vapor  lamp 

DETECTION  HQUIBejT 

17-stage  electron  multipler  operating  at  10"^  torr 

RESULT 

There  is  no  emission  from  milled  A1  surface  at  8  x  10'9  torr  is  darkness 
even  if  the  surface  is  further  bombarded  by  electrons:  there  is  also  no 
emission  in  darkness  when  the  A1  surface  is  irradiated  with  X-ray  or 
intense  ultraviolet  light  from  a  mercury  vapor  lamp. 

A  weak  emission  in  darkness  is  observed  from  milled  A1  surface  at  10" 5  torr. 

Upon  heating,  emission  peaks  occur  at  10 “ 5  torr  in  definite  temperature  ranges 
whether  the  A1  surface  is  milled,  irradiated  by  /3  particles  or  X-ray,  or 
bombarded  by  electrons;  either  visible  light  or  ultraviolet  light  has 
no  effect  on  thermoemission. 

There  is  emission  from  milled  A1  surface  at  10-9  torr  when  it  is  illuminated 

°  . 
by  light  having  3540  A  wavelength;  the  emission  increases  with  time, 

probably  attributable  to  gradual  adsorption  of  gas,  which  through  the 

creation  of  a  dipole  layer,  lowers  the  work  function  of  Al. 

bmission,  however,  decays  with  time  at  10"^  torr;  emission  intensity  of 
milled  Al  surface  decreases  with  storage  time  in  darkness  at  10'5  torr; 
presence  or  absence  of  light  has  no  effect  on  decay  of  emission. 


EXOEMISSION  OF  ELECTRONS  WITHOUT  PHOTOSTIMULATION 
C.  Simoi,  I.  Hrianca,  and  P.  Craciun 
Physica  Status  Solidi,  Vol  29,  1968,  pp  761-766 


MATERIAL 

A1 

SPECIMEN  PREPARATION 

Specimen  dimension:  3x2  cm2 

EXCITING  CONDITION 

Scratching  by  brush  for  30  seconds 

Emission  under  daylight  without  photostimulation 

DETECTION  EQUIPMENT 

Windowless  Geiger-MUller  counter  filled  with  argon  and  butane 

Distance  between  counter  and  specimen  =  1.5  cm 

Specimen  potential  =  -250 v 

RESULT 

After  repeated  scratching  and  counting  operations  on  the  same  specimen  the 
initial  number  of  counts  decreases  from  1,370  to  23  electrons  per  second. 

The  decay  curve  is  composed  of  three  distinct  exponentials: 

dN  _ 

dt  =  A1  exp  ^l^  +  A2  exP  +  A3  exP 

where  N  is  number  of  counts  per  second,  t  is  second,  Alf  A2,  and  A3  are  the 
components  of  initial  counts,  and  \^,  ^2*  anc^  ^3  are  decay  constants  of 
the  components.  \i  may  also  be  the  probability' for  the  emission  of  an 
electron  per  unit  time  at  a  local  condition  specific  for  component  i. 

This  probability  is  related  to  the  energy  Et  at  the  mentioned  conditions 
by  the  equation  =  C  exp  (-Ej/kT)  where  k  is  Boltzmann  constant,  T  is 
the  absolute  temperature,  and  C  is  a  constant. 

Impurities  and  defects  in  the  lattice  of  metals  produce  relatively  high  local 
energy  levels  having  a  reduced  work  of  function  of  electrons.  There  is  a 
probability  of  emission  due  to  internal  excitation  in  the  absence  of 
photostimulation. 


107 


4 


ELECTRON  1-MISSION  FROM  PLASTICALLY 
IV.  L).  von  Voss  and  F.  R. 
Journal  of  Applied  Physics,  Vol  SO, 


STRAINED  ALUMINUM 
Brotzen 

1959,  pp  1639-1645 


MATERIAL 

99.993  percent  A1  and  1100-0  A1  Alloy 

specimen  preparation 

lo  \  2  x  0.063  inches 

Annealing  in  air  at  400°  C  for  2  hours 

hxci  it m;  condition 

Continuous  tensile  loading  at  0,063,  0.10,  and  0.159  in. /min  and  irradiation 
with  natural  light 

lensile  loading  in  steps  (loading  rate  =  0.032  in. /min) ,  allowing  about 
UP  sec  between  steps  for  the  decay  of  emission  and  irradiation  with 
mercury  vapor  lamp  (with  filter  to  eliminate  wavelengths  shorter  than 
3,000  h 

DETECTION  EQUIPMENT 

Ceiger-Mliller  flow  counter  containing  1  percent  methane  and  99  percent  He  and 
operating  at  about  900  v 


RESULT 

Ihere  is  only  little  emission,  difficult  to  detect  above  the  background 
level,  if  the  specimen  is  strained  in  complete  darkness. 

fmiss ion  starts  at  about  2  percent  strain  and  increases  with  further 
straining;  emission  rate  is  higher  at  higher  loading  rate. 

[mission  behavior  of  pure  A1  (99.993  percent  purity)  is  about  the  same  as 
that  of  1100-0  A1  Alloy. 

After  plastic  straining  has  stopped,  the  emission  may  continue  to  rise  for 
a  while  before  it  begins  to  decay.  This  effect  may  be  due  to  the 
draining  of  vacancies  from  the  interior  to  the  metal  surface. 

Emission  rate  at  end  of  straining  in  each  step  (2  percent  strain  per  step 
except  the  first  step  at  7  percent  strain)  is  higher  than  that  at  end  of 
the  preceding  step.  This  indicates  that  the  state  of  deformation  strongly 
affects  the  emission. 
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AN  INVESTIGATION  OF  EXOELECTRON  EMISSION  FROM  VARIOUS  MATERIALS 
USING  ABRASION  AND  ULTRASONIC  TECHNIQUES 
R.  A.  Williams 


RM  630.328-04,  Naval  Ordnance  Systems,  Navy  Department,  1966 


MATERIAL 

6061  A1  alloy,  brass,  Cu,  stainless  steel,  cold  rolled  steel,  Nb,  N'i,  and  Pb 

SPECIMEN  PREPARATION 

1- inch -diameter  bar  having  plane  cross-sectional  surface  or  cross-hatched, 
cross-sectional  surface  (ratio  of  plane  area  to  cross  hatched  area  =  4.2:1) 

EXCITING  CONDITION 

grinding  with  steel  brush,  or  sanding  with  No.  80  A1?03  paper 

Standard  cleaning  technique  without  further  preparation  to  restrict  or 
eliminate  surface  film  or  oxide  films 

Ultrasonic  irradiation  using  piezoelectric  transducer  with  a  resonant 
frequency  about  19  KHz 

28-volt  lamp 

DETECTION  EQUIPMENT 

Proportional  counter  containing  90  percent  argon  and  10  percent  methane 

Anode  voltage  =  1,700  volts 

RESULT 

There  is  no  emission  above  the  background  level  from  Cu,  Nb,  Ni,  and  cold 
rolled  steel;  some  counts  above  tue  background  are  noted  from  brass  but 
emission  decays  very  rapidly;  emission  intensity  of  Pb  is  greater  than 
emission  intensity  of  brass  probably  due  to  presence  of  radioactive 
isotopes  in  Pb. 

The  best  emission  producer  is  6061  A1  alloy;  the  emission  rate  by  sanding 
with  A1203  paper  is  greater  than  that  by  filing,  which  in  turn  is  greater 
than  the  emission  rate  by  grinding  with  steel  brush. 

The  greater  the  active  surface  area  (the  plane  surface) ,  the  greater  is  the 
emission. 

Emission  increases  at  elevated  temperature. 

Ultrasonic  irradiation  (intensity  =  5  W/cm^)  increases  emission  intensity. 
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UiNTl  ERSUCIIUNGEN  OBER  EXOELEkTRONEN  AN  METALLISCHEN  AUFDAMPFSQ ! I CHTF.N 
UND  EINIGEN  N T Cl iTMETALL I SCHEN  OBERFLACHEN 
J.  WUstenhagen 

Zeitschrift  fur  Naturforschung ,  Vol  14a,  1959,  pp  634-641 


MATERIAL 

A1 


SPEC  I  MEN  PRIIPARATION 

Evaporated  film  having  1.2  cm"  surface  area  deposited 
(bright  Pt ,  polished  Al ,  and  scratched  Al) 

Filin  thickness  =  5  -  300  A 


on  various  substrates 


EXCITING  CONDITION 

Admission  of  oxygen  at  10  to  10-/  torr 


DETECTION  EQUIPMENT 

17-s.age  electron  multiplier 

Potential  at  specimen  =  -250  v 

RESULT 

At  2  x  10  torr,  the  emission  rate  increases  with  surface  roughness  of  the 
substrate  and  increases  with  decreasing  rate  of  deposition,  probably 
because  the  finer  Al  grains  in  the  film  which  form  at  lower  deposition 
rates  contain  more  imperfections  to  react  faster  with  oxygen. 

there  is  no  emission  at  oxygen  pressure  of  4  x  10'7  torr,  but  emission  rises 
to  500  counts/second  when  the  pressure  changes  to  2  x  10  torr. 

Emission  is  also  noted  from  Be,  Li,  and  Mg  but  not  from  Cu  and  Fe. 

Ihe  metal  layer-adsorbed  oxygen  system  does  not  show  any  spontaneous 
emission;  oxygen  molecules  must  fall  on  the  metal  surface  to  maintain 
emission. 

No  emission  is  observed  from  Al  film  at  spectroscopically  pure  nitrogen 
pressure  of  5  x  10" 5  torr. 


110 


EFFECT  OF  TEMPERATURE  ON  PHOTO- EXOMSSION 
J.  F.  Young  and  D.  J.  Williams 
Journal  of  Applied  Physics,  Vol  35,  1964,  pp  2279-2282 


MATERIAL 

Commercial  purity  A1 

SPECIMEN  PREPARATION 

EXCITING  CONDITION 

Abrading  with  400  grade  SiC  paper 

Ultraviolet  lamp  as  a  light  source 

Chemical  etch  using  a  mixture  of  chromic  acid  and  sulphuric  acid  at  60°  C 

DETECTION  EQUIPMENT 

Geiger  counter  with  a  glass  window  to  permit  illumination 

Counter  gases:  98.7  percent  He  and  1.3  percent  isobutane 

No  necessity  to  bias  the  specimen  negative  due  to  the  use  of  an  anode 
loop,  resulting  in  a  higher  field  strength  at  the  specimen 

RESULT 

There  is  no  emission  above  the  background  in  the  absence  of  illumination. 

Upon  heating,  the  emission  intensity  vs  time  curve  for  abraded  surface  is 
the  same  as  that  obtained  for  chemically  etched  surface. 

The  count  rate  at  room  temperature  for  an  unabraded  specimen  is  no  greater 
than  background;  however,  emission  occurs  as  the  temperature  increases. 

The  peak  emission  rate  is  shifted  to  a  higher  tenperature  than  the  abraded 
specimen. 

On  lowering  the  temperature  during  emission,  behavior  becomes  extremely 
anomalous.  The  emission  rate  as  a  function  of  temperature  depends  on 
past  history  in  the  counter,  and  decrease  in  temperature  can  result  in 
an  increase  in  emission  rate. 

The  anomalous  results  cannot  be  explained  by  a  vacancy  mechanism  or  by 
electron  traps. 

Emission  decay  appears  to  depend  on  adsorption  of  counter  gas.  Photo¬ 
exoemission  can  be  decreased  by  adsorption,  and  its  intensity  can  be 
increased  by  desorption. 
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APPENDIX  II 


ELECTRON  ENERGY  SPECTROSCOPY 


Estimation  of  the  electron  energy  is  essential  for  a  better  understanding 
of  the  mechanism  of  exeoelectron  emission.  The  type  of  spectrometer  to  be 
considered  is  based  on  the  cylindrical,  electrostatic  mirror  design  principle 
because  the  accelerating  potential  does  not  involve  the  specimen  itself. 


The  simplest  electrostatic  analyzer  is  the  parallel-plate  electrostatic 
mirror.  However,  in  past  years  probably  the  most  popular  electrostatic  anal¬ 
yzer  has  been  the  127-degree,  cylindrical  deflection  system  (Pichanick,  1967). 
In  more  recent  years,  both  of  these  analyzers  have  been  surpassed  in  perform¬ 
ance  by  the  concentric  spherical  deflection  system  (Purcell,  1938).  More 
recently,  however,  investigators  have  realized  that  even  the  concentric  spher¬ 
ical  system  is  surpassed  in  performance  by  the  cylindrical  electrostatic  mirror 
(Zashkvara  et  al,  1966;  Sar-el,  1967,  Hafner  et  al,  1968). 

The  geometry  of  the  cylindrical  mirror  system  is  shown  in  figure  A-l. 

This  geometry  was  used  more  than  10  years  ago  by  Blauth  (1957) ,  but  only 

recently,  Zashkvara  has  shown  that  it  gave  the  fortunate  effect  of  second-order 
focusing  when  0  =  42.3°  and  when 


where  Eq  is  the  particle  kinetic  energy  and  V  is  the  potential  difference 

between  the  two  cylinders.  Refocusing  occurs  at  L  =  6.1  r  . 

o  1 

The  resolution  of  this  device,  Rq,  for  a  point  source  is  given  simply  by 


R 

o 


where  T  is  the  percent  of  solid  angle  transmission  through  the  slit  system. 
In  this  case  we  have 


T  =  sin  6  •  a 
o 

where  a  is  the  semiangular  operative  shown  in  figure  A- la.  Due  to  the  second- 
order  focusing  and  the  2 ir  entrance  slit,  this  spectrometer  has  very  good  energy 
resolution  with  a  relatively  large -entrance  solid  angle. 
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A.  SPECTROMETER  GEOMETRY 


B.  SPECTROMETER  DIMENSIONS 


Figure  Al.  Electron  Energy  Spectrometer 


The  analysis  giving  the  results  of  the  previous  section  assumes  a  purely 
radial  electrostatic  field  between  two  cylinders.  This  cannot  be  obtaine  in 
practice  by  using  infinite  cylinders  or  guard  rings.  Because  of  large  samples 
to  be  used  at  the  source  and  of  large  detectors  near  the  focus,  the  spectrom¬ 
eter  must  terminate  at  these  two  points.  Metal  rings  have  been  mounted  on  the 
end  support  insulators  which  separate  the  two  cylinders.  The  proper  potentials 
are  placed  on  these  rings  to  keep  the  field  radial  in  the  region  of  electron 
orbits.  The  potential  between  concentric,  infinite  cylinders  is  given  by 

v?  -  ip  =  A  In 

where  <p  is  the  potential  of  the  inner  cylinder  which  has  a  radius  and  A  is 
a  proportionality  constant.  The  device  built  has 

r  =  0.50000  in.  r  =  1.4325  in. 


Thus,  if  we  install  four  rings  between  the  cylinders  at  radii  such  that  poten¬ 
tial  jumps  from  the  inner  cylinder  to  the  wires  and  to  the  outer  cylinder  can 
be  in  constant  increments,  we  have  for  the  radii: 

r.  «  0.6170  in.  r  =  0.9395  in. 

1  1  _ 


r.  =  0.7615  in.  r  =  in- 

Xb  d 

The  design  for  constant  potential  junps  simplifies  the  construction  of  a 
potential  divider  for  maintaining  the  proper  potentials. 

It  is  expected  that  the  spectrometer  will  be  exposed  repeatedly  to  air  at 
atmospheric  pressure.  Also,  it  is  expected  that  the  exoelectron  flux  will  be 
sufficiently  low  that  individual  electrons  must  be  counted.  This  presents  a 
problem  since  the  usual  multistage  electron  multiples  have  dynode  surfaces 
which  deteriorate  in  the  presence  of  air.  The  more  durable  dynodes  are  of 
beryllium- copper ,  but  even  these  are  adversely  affected.  Thus  the  Ben  ix 
Channeltron  electron  multipler  is  chosen  for  a  detector  (Evans,  1965). 

Although  these  are  sensitive  to  diffusion  pump  oils,  they  are  not  affected 
seriously  by  air.  The  gain  of  the  Channeltron  is  about  5  x  10  with  the  appli¬ 
cation  of  about  3,000  volts  dc.  At  this  voltage,  the  output  current  pulses 
are  in  the  order  of  20  nanoseconds  wide. 

The  energy  of  the  electrons  passed  by  the  spectrometer  is  given  by 


E 

o 


1.3  eV/ln 
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Thus,  since  3  1.4325  in.  and  =  0.50000  in.  we  have 

Li  =  1.23  •  eV 

o 

where  V  is  the  potential  difference  between  the  cylinders. 

The  resolution  is  given  approximately  by 

in  0  4 

0  ) 

I'he  dinensions  of  the  spectrometer  as  it  is  now  constructed  are  shown  in 
figure  A -lb. 

The  spectrometer  should  be  designed  to  work  at  0Q  =  42°18.5'  where  we  have 
sin  0Q  =  0.673.  Thus,  resolution  is  given  by 

R  =  =  21  (0.673  x  .0855)3 

oh 

=  0.004 

fins  resolution  is  achieved  with  a  transmission  of 
r  =  0.058 

This  figure  neglects  the  obstruction  of  the  three  spacing  sleeves. 

Ihe  instrument  constructed  consists  essentially  of  two  concentric  cylin¬ 
ders  mounted  coaxially  and  insulated  from  each  other,  as  shown  in  figures  A-2 
and  A- 3.  it  will  be  mounted  inside  the  vacuum  glass  chamber,  facing  the  speci¬ 
men  under  test,  toge ther  with  the  amplifier,  pulse  spreader,  and  low- impedance - 
output  emitter- follower.  A  pulse  spreader  is  required  to  widen  the  approxi¬ 
mately  20- nanosecond  pulse  width  expected  from  the  Channeltron  multipler  to 
approximately  1  microsecond  to  allow  standard  pulse  counters  to  be  used.  The 
emitter-  follower  permits  the  use  of  a  long  lead  between  it  and  the  pulse 
counter.  The  bias  voltage  applied  to  the  coaxial  cylinders  and  end  guard  rings 
permits  the  selection  of  specific  energy  electrons  to  pass  to  the  Channeltron 
electron  multipler. 


R 


Ah 
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=  21 
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13  Abstract 
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The  fatigue  process  of  1100-0  aluminum  was  studied  by  means  of  exoelectron 
emission  and  ultrasonic  surface  wave  measurements,  and  correlated  with  metallo- 
graphic  examination.  Measurement  of  exoelectrons  was  accomplished  by  emission 
counts,  amplified  by  a  Channeltron  electron  multiplier  and  integrated  over 
short  time  intervals.  It  appears  that  very  early  in  the  fatigue  process  there 
is  an  exoelectron  emission  peak,  whose  intensify-,. is  related  to  the  intensity 
of  the  applied  stress,  coinciding  with  initial  surface  layer  slip.  The  emis¬ 
sion  event  lasts  not  more  than  a  few  percent  of  the  fatigue  life.  No  emission 
occurs  thenceforth  until  in  the  final  stages  of  fatigue,  just  prior  to  failure, 
when  another  emission  period  is  observed.  It  was  further  noted  that,  at  least 
at  room  temperature,  light  stimulation  is  necessary  for  exoelectron  emission 
from  1100-0  aluminum.  Preliminary  ultrasonic  surface  wave  measurements  dis¬ 
close  a  change  in  material  response  at  about  50  percent  of  the  fatigue  life, 
which  so  far  could  not  be  correlated  with  metal lographic  observations. 
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